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ABSTRACT

The U.S. Army Corps of Engineers Research and
Development Center’s (ERDC) Battlespace Terrain Reasoning
and Awareness-Battle Command (BTRA-BC) Battle Engine (BBE)
is a tool that enables command staffs to semi-automate the
creation and evaluation of potential courses of action
(COA) for use in military planning. The BBE uses data
generated during the initial steps of the Military Decision
Making Process (MDMP) and a genetic algorithm to produce
and evaluate a population of COAs. This thesis provides a
basic background of both the MDMP and genetic algorithms.
It describes the features of the BBE and the parameters
that control its genetic algorithm. The thesis describes
an experiment to test the genetic algorithm parameter
effects on the BBE search results. The results of this
experiment and research are used to provide recommendations

to improve the performance and functionality of the BBE.
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1. INTRODUCTION

A. THE MILITARY DECISION-MAKING PROCESS

According to the United States Army Field Manual, the
military decision-making process (MDMP) 1is a “‘proven

analytical process,” that can help “the commander and his
staff examine a battlefield situation and reach logical
decisions” (U.S. Army, 1997, pp- 5-1). While there are
several advantages to using the MDMP, i1ts critical weakness
iIs that 1t iIs a time-consuming process. A central part of
the MDMP 1is the development, analysis, and comparison of

Friendly and Enemy Courses of Action (FCOAs and ECOAS).

At the lowest level, the evaluation of COAs can be
accomplished by moving annotated post-it notes across a map
of the operational area, also called a “yellow sticky
drill” (Schlabach, 2008, p. 8). These post-it notes (or
“yellow stickies”) represent tactical units and allow
planners to see how particular FCOAs and ECOAs fare against
each other. As friendly and enemy units are moved across
the map, approximations about unit strength and ability are
used to resolve engagements and calculate losses. Figure 1

shows a group of planners engaged in a yellow sticky drill.



Figure 1. Wargaming using the yellow sticky drill (From
Schlabach, 2008, p. 8)

Ultimately, the number of COAs that could be tested
depended on the amount time available for wargaming. The
need to make timely decisions may rush mission planners and
not allow for an adequate investigation of all possible
options.

B. FASTER COA CREATION

The U.S. Army Corps of Engineers Research and
Development Center (ERDC) 1is currently working on a
software tool to semi-automate the process of COA creation
and evaluation. The Battlespace Terrain Reasoning and
Awareness—Battle Command (BTRA-BC) Battle Engine (BBE) is a
tool that enables command staff to quickly conduct military
planning and evaluation of battle plans. The BBE gives its
users the ability to construct tactical units with defined
attack, defense, and other attributes. It also
incorporates terrain data to provide a map of the
operational area with distinct mobility corridors. These
building blocks enable planners to quickly construct COAs
and conduct a virtual yellow sticky drill. Additionally,

2



the BBE abstracts COA characteristics, such as unit
formations, movements, and responsibilities to a binary
string. The COAs can then be evaluated and scored
according to the user’s desired criteria. Finally, the BBE
also has the ability to apply a genetic algorithm to the
COA binary string to produce thousands of possible

alternative COAs and their respective evaluations.

C. GENETIC ALGORITHMS

Developed by John Holland in the early 1970s, genetic
algorithms reflected his belief that features of natural
evolution could be used by a computer algorithm to solve
difficult problems (Davis, 1991, p. 3). Genetic algorithms
rely on a pool of possible solutions to a given problem.
These solutions are encoded as binary strings and
evaluated. Then a portion of the possible solutions are
selected for reproduction, with higher ranking solutions
having a greater probability of selection. Reproducing
solution strings are paired as parents and recombine with
each other to create new child solution strings.
Additionally, some strings are mutated, to vreflect
biological evolution, and provide more diverse solutions.
The new strings are evaluated and added to the pool of
possible solutions to create the next generation of
strings. Since better performing solution strings have a
greater probability to be selected for reproduction, each
generation should contain increasingly higher performing

solutions.

Holland explained the power of genetic algorithms in
his schema theorem. He i1dentified patterns in the solution

strings called schema. These schemata represented partial
3



pieces of a total solution. Through the breeding process,
more successful schema are brought together to make
improved solution strings. This process allows genetic
algorithms to evaluate and combine multiple schemata

simultaneously.

D. REASEARCH QUESTIONS

The BBE’s genetic algorithm allows i1t to essentially
conduct multiple yellow sticky drills for each generation
of COAs that 1t produces. While this i1s an i1mportant
feature of the software, i1t is iImportant to understand how
the genetic algorithm behaves and what i1t is actually
producing for the user. Additionally, the BBE gives 1its
users several advanced controls over the genetic algorithm.
These capabilities raise the following areas of research:

1. Does the BBE’s genetic algorithm actually provide
a significant number of useful alternative FCOAs?
Can the user separate tactically desirable FCOAs
from outcomes that are not logical?

2. How do changes to the genetic algorithm
parameters affect the FCOAs that are produced?
How do parameters affect the diversity and
convergence of the BBE results?

3. Does the BBE provide adequate background on the
genetic algorithm and its settings to allow users
to understand what they are actually changing?
Should the BBE explain the effects, benefits, and
limitations of the genetic algorithm settings?

E. SCOPE

The main goal of this thesis iIs to determine what
effects the genetic algorithm parameters have, and to
suggest possible improvements to the program regarding the

genetic algorithm. This thesis will examine how the

4



genetic algorithm parameters affect output and the
diversity of the suggested FCOAs. The thesis will provide
background information on the MDMP and genetic algorithms
that are applicable to the BBE. Since any discussion of a
particular piece of the BBE will require a Dbasic
understanding the complete program, a simple background of
the BBE will be provided.

F. ORGANIZATION OF THESIS
This thesis 1s organized into the following chapters.

Chapter I-Introduction. This chapter gives an
abstract description of the MDMP, the BBE, and genetic
algorithms. It also i1dentifies the research questions and
scope of the thesis.

Chapter I11-Background. This chapter has two main
focuses, the MDMP and genetic algorithms. The chapter
provides basic understanding of both and assists in

understanding the BBE functions and settings.

Chapter 111-The BBE. This chapter outlines some of
the features of the BBE, particularly the parts of the

program that involve the genetic algorithm.

Chapter I1V—-Methods. This chapter describes the
evaluation of the BBE’s genetic algorithm and its various

settings.

Chapter V-Results and Analysis. This chapter outlines

the results of the BBE runs analysis of the findings.



Chapter VI-Conclusions and Recommendations. This
chapter states what conclusions can be drawn from the
evaluation and suggests improvements to the BBE. It also

includes the future work section.



11. BACKGROUND

A. INTRODUCTION

Before discussing the BBE, it is important to provide
some background information on both the MDMP and genetic
algorithms. This chapter gives an outline of the steps iIn
the MDMP and illustrates the time commitment 1involved.
This chapter also provides a basic explanation of genetic
algorithms and the different techniques involved iIn their

implementation.

B. THE MILITARY DECISION-MAKING PROCESS

The U.S. Army Field Manual 101 Chapter 51 outlines the
Military Decision-Making Process (MDMP). According to the
field manual, there are seven steps 1iIn the process:
Receipt of Mission, Mission Analysis, COA Development, COA
Analysis, COA Comparison, COA Approval, and Orders
Production. Figure 2 illustrates the flow of the MDMP as

well as the Commander’s responsibilities at each step.

1. Receipt of Mission

The MDMP starts with the receipt of the mission.
Critical products of this step 1include the commander’s
initial guidance and a warning order. These products
outline the time allocation, personnel, and operations
necessary to continue the MDMP.

1 This publication has been superseded by Field Manual 5-0 Army
Planning and Orders Production published in January 2005. The steps in
the MDMP process are the same and for background information purposes
there are no significant changes.

v



NOTE 1: Commander may

conduct phases indepe ndently NOTE 2: Staff coordination
or in conjunction with staff. is i up and down.
RECEIPT OF MISSION
A ¢ Issue cdr's initial
guidance WARNING
| ORDER

MISSION ANALYSIS
¢ Approve restated mission
4 State commander's intent
% Issue cdr's guid:
¢ Approve CCIR | WARNING |

ORDER

| COA DEVELOPMENT

Commander’s | Staff
Estimate ‘ COAANALYSIS ‘ Estimates
e

(continual process) (War Game) | process)

| COA COMPARISON

COA APPROVAL
¢ Approve COA
¢ Refine commander's intent
¢ Specify type of rehearsal

¢ Specif e of order WARNING

e ORDER

ORDERS PRODUCTION
v 4 Approve order
4 Cor ler's

Responsibility | REHEARSAL |
NOTE 3: For a discussion NOTE 4: At any time during
of mhearsals, execution, | EXECUTION & ASSESSMENT | execution and assessment,
and assessment, see i ion may require the
Chapter & and Appendix G process to start again.

Figure 2. The Military Decision-Making Process (From U.S.
Army, 1997, pp. 5-2)

2. Mission Analysis

The second step In the process, mission analysis, 1s
important because “it allows the commander to begin his
battlefield visualization” ((U.S. Army, 1997, 5-5). The
field manual outlines 17 steps for mission analysis,
illustrated i1n Figure 3. These steps do not have to be
completed in order. A critical step iIn mission analysis 1is
to conduct the Intelligence Preparation of the Battlefield
(1PB) process. The IPB defines the operational
environment, analyzes threats, and identifies possible
ECOAs (U. S. Army, pp- 5-6). IPB products such as the
enemy order of battle and the modified combined obstacle
overlay (MCOO) “are updated and used throughout [the MDMP
process]” (U.S. Army, 1997, pp. 5-6). The warning order
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containing a summary of information gathered in the

previous steps is the final product of mission analysis.

Step1. Analyze the higher headquarters' order.

Step2. Conduct initial intelligence preparation of
the battlefield (IPB).

Step 3. Determine specified, implied, and
essential tasks.

Stepd4. Review available assets.

Step 5. Determine constraints.

Step 6. Identify critical facts and assumptions.
Step7. Conduct risk assessment.

Step 8. Determine initial commander's critical
information requirements (CCIR).

Step 9. Determine the initial reconnaissance
annex.

Step 10. Plan use of available time.

Step 11. Write the restated mission.

Step 12. Conduct a mission analysis briefing
Step 13. Approve the restated mission.

Step 14. Develop the initial commander's intent.
Step 15. Issue the commander's guidance.

Step 16. Issue a warning order.

Step 17. Review facts and assumptions.

Figure 3. The steps in mission analysis (From U.S. Army, 1997,
pp. 5-5)

3. COA Development

In this step, the staff begins to develop plans that
are able to meet mission objectives as well as remain
aligned with the commander’s intent and guidance outlined
in the warning order. The COA i1s expected to meet fTive
basic criteria. The COA must be suitable for the mission.
It should be feasible with available resources. It has to
be acceptable in terms of risk verse reward. The COA must
be distinguishable from other proposed plans of action.
Finally, the COA must be a complete statement of the
mission and objectives (U.S. Army, 1997, pp-. 5-11). It is
important note that this step is not complete with the
creation of one COA, but instead, generates multiple



options for the commander. Each COA 1is accompanied by a
COA statement and sketch. The statement gives a quick
summary of the unit movements and objectives. The sketch
provides a visual i1llustration of the COA. An example of a

COA statement and sketch is provided in Figure 4.

N PL RED

1 (FSCL)
PL BLUE
ét-}
I

LEAST
fFrrown

SRRRRGE PL AMBER (LD)

NORTH H}
TOWN

[
>

TOWN -

CENTRAL.
CITY T

7By,

TAC

PL PL RED
PL ORANGE PLAMBER (LD) PL GREEN BLUE (FSCL)

At 130400 Aug XX, a mechanized division attacks to seize OBJ SLAM to protect the northern flank of the corps main
effort. A mechanized brigade attacks in the north, as an economy of force, to fix enemy forces inzone denying them the
ability to interfere with the main effort's attack in the south.Amechanized brigade in the south attacks to penetrate enemy
forces vicinity PL AMBER to create sufficient maneuver space to allow the main effort to pass to the east without
interference from the defending enemy infantry regiment (-). A tank-heavy brigade, the main effort, passes through the
southern mechanized brigade and attacks to seize the terrain vicinity of OBJ SLAM denying the enemy access to the
terrain south and west of RIVER TOWN. The division reserve, a tank task force, initially follows the southern
mechanized brigade prepared to contain enemy forces capable of threatening the main effort's passage. then, if not
committed west of PL GREEN, follows the main effort prepared to block enemy forces capable of threatening its
movement west, ensuring the seizure of OBJ SLAM. The divisional cavalry squadron screens the division's northern
flank to provide early warning of any enemy force capable of threatening the division's northern mechanized brigade.
Division deep operations will: 1. Initially attrit enemy artillery capable of ranging the point of penetration to prevent it
from massing fires against the two southem brigades; 2. then interdict the enemy tank battalion (-) south of WEST
TOWN to prevent its movement south and west towards the main effort. 3. Interdictthe enemy tank regiment (-) north of
EAST TOWN to prevent its movement west of the PL BLUE allowing the main effort sufficient time to seize OBJ SLAM.
Division fires will: 1. Isolate the point of penetration allowing the southern mechanized brigade to conduct a
penetration. 2. Prevent enemy artillery from massing fires against the two southem brigades. 3. Support deep
operations to prevent uncommitted enemy forces from interfering with the initial penetration or the seizure of OB.J SLAM.
A mechanized infantry team acts as the division TCF with priority of responding to any Level Il threat to the division's
Class lll supply point vicinity METRO CITY to ensure the uninterrupted flow of Class 11,

Figure 4. An example of COA statement and Sketch (From U.S.
Army, 1997, pp. 5-15)
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4. COA Analysis (War Game)

The analysis or “war gaming” 1s the process through
which a COA is tested, modified, and improved (U.S. Army,
1997, pp- 5-16). In this step, each COA is enacted on
paper against likely ECOAs and evaluated. The criteria for
the evaluation are based on the principles of war,
doctrinal fundamentals, the commander’s intent, and the
level of residual risk (U.S. Army, 1997, pp. 5-18). The
field manual describes three recommended techniques for war

gaming.

a. Belt War Gaming

This style of war gaming divides the area of
operations (AO) into a series of distinct sections or belts
that run the fTull width of the battlespace. The belt
technique 1i1s useful for phased operations, situations
facing an enemy arrayed in echelons, or terrain that can be
easily divided (U.S. Army, 1997, pp. 5-18). Events in each
belt are analyzed iIn order and any particular belt can
contain more than one critical event (U.S. Army, 1997, pp-

5-18). An example of belt war gaming is seen in Figure 5.

BELT 1 BELT 2 BELT 3
XX

2 HNKE
e

) 36&

O,

Eﬂgﬁ_ﬁ; ! J%%

p——— s X X

g
\ 7

Figure 5. Belt war gaming (From U.S. Army, 1997, pp. 5-18)
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b. Avenue-in-depth War Gaming

The avenue-in-Depth technique 1isolates each
avenue of approach iIn a particular COA and examines it
individually. This style 1i1s particularly useful 1In
offensive battles or when terrain forces movements iIn to
set channels (U.S. Army, 1997, pp- 5-19). An example 1is
provided in Figure 6.

BELT 1 BELT2 BELT 3
XX

Figure 6. Avenue-in-depth war gaming (From U.S. Army, 1997,
pp- 5-19)

C. Box War Gaming

Box war gaming analyzes only important areas of
the AO, such as enemy engagement zones or Jlocations of
critical objectives. This style is best used in limited
time and narrows the focus efforts on essential tasks (U.S.
Army, 1997, pp- 5-19). An example of box war gaming 1is
shown In Figure 7.

12



BELT 1 BELT 2 BELT 3
. X

Figure 7. Box war gaming (From U.S. Army, 1997, pp. 5-19)

Once a technique has been selected the war game
“follows an action-reaction-counteraction cycle” (U.S.
Army, 1997, pp-. 5-22). Offensive units initiate an action
that the defensive unit responds to with a reaction. The
offensive unit can then answer the reaction with a counter
action. This cycle continues until completion of the COA
or it becomes apparent that the COA is not suitable. War
game results are recorded and the acceptable COAs are

refined to include updated task organizations and missions.

5. COA Comparison

The main product during this step i1s the COA decision
matrix. The decision matrix uses results from the war
gaming exercises to highlight advantages and disadvantages
of the COAs that were found to be suitable. There 1s no
standard decision matrix, and each command may have a
different style. A decision matrix can have quantitative
or subjective iInformation displayed. The only requirement
is that i1t satisfies the commander and i1t provides a quick,
consistent, and accurate comparison of the available COAs.
Figure 8 provides an example of a decision matrix showing

both subjective analysis and comparison over categories.
13



Course of Action Advantages Disadvantages

COA1 Main attack avoids major terrain obstacles. Main attack faces stronger resistance at beginning.
Adequate maneuver room for main attack and
MBSEVEe.

COoAZ2 Main attack gains good observation early. Initially, reserve may have to be employed in zone
Supporting attack provides flank protection to of supporting attack. Needs detailed and rehearsed
main attack. procedural and positive controls.

DECISION MATRIX

DISCUSSION:

Factors Course of Action

1 2
Casualty estimate +
Medical evacuation routes - *
Suitable location for medical facilities ] 0
Available EPW facilities - +
Suitable CP locations - +
Courier and distribution routes - +
Effects of attachments and detachments on force cohesion, - +
casualty reporting, and replacement operations
Residual Risk +

BROAD CATEGORIES

Figure 8. Example decision matrix showing two ways to make
comparisons (From U.S. Army, 1997, pp. 5-26)

6. COA Approval

At this step, the commander selects the COA that he
believes to “be most advantageous” (U.S. Army, 1997, pp. 5-
26). He also refines his intent statement and resource
requirements to be in line with the approved COA. A final
warning order is issued that reflects the COA selection and

new information.

7. Orders Production

The final step 11n the process results 1In the
production of an OPLAN or OPORD that reflects the COA
selected in the previous step. The staff expands the COA
into a concept of operations statement that subordinates
can use to guide their actions. This statement makes clear

“where, when, and how to concentrate combat power to

14



accomplish the mission
commander’s intent” (U.S. Army, 1997, pp. 5-27).

in accordance with [the] higher

The

intensive

MDMP is a

process.

thorough but typically

the

manpower

Figure 9 illustrates various

products that are required and produced at each step In the

process. Since each step flows naturally into the next,

and iIn turn is dependent on the previous step, time cannot

be saved by skipping or eliminating steps in the process.
Instead, the process can be shortened by faster creation

and evaluation of COAs or reducing the number of COAs

created.
INPUT QUTPUT
= Mission recelved from higher % Cudir's initial guidance
HG or deduced by the RECEIPT OF MISSION * Waming order 1

commander'staf

= Higher HQ orderiplaniPB
= Staff ostimatns
* Facts & assumptions

MISSION ANALYSIS
= Restated mission
= Cdr's guidanoce
e Cdr's et COA DEVELOPMENT
* Staff ectimates & producis
= Enamy COAs
e A AN COA ANALYSIS
= Saff COA {War GEI'H!}
i g | COA COMPARISON
* Dedslon matrix
COA APPROVAL

= Approved COA

- ORDERS PRODUCTION

NOTE 1: § denotes commander's respons ibili ty
NOTE 2: Underying the enfine process are continuing

commander’s and staff esfimates.

= [initial IPB products

% Restaind mission

% Cdr's intent

% Cdr's guidance

= Waming order 2

« Staff prodiscts

« Batflefield framework
« Preliminary movemsnt

= COA stmis and sketches

Wargams resulis

Task organiraticn

Mission to subordinate units
car

» Decision matrix

® Apmoved COA

% Refined odir's intent

% Specified type of crder

% Specified type of rehoarsal
¢ High payoff target list

& DPLANXOPORD

Figure 9.
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C. GENETIC ALGORITHMS

Genetic algorithms were developed in the early 1970s
by John Holland in order to mimic the mechanisms that drove
natural evolution and to apply them to solving complex
problems (Davis, 1991, p. 2). The process of evolution 1is
dependent on chromosomes which act as the *“encoding
structure of Uliving beings” (Davis, 1991, p. 2). The
Handbook of Genetic Algorithms, notes the Tfollowing

features of evolution:

. The process does not operate on living beings but
on their chromosomes.

. Natural selection 1is the determining factor of
successftul chromosomes. Beings that have more

favorable chromosome encodings will reproduce
more than those that do not.

. Evolution takes place in reproduction.
Recombination and mutation create new chromosomes
from two parents in the child.

. Evolution is done without memory. The knowledge
of producing successful individuals is contained
in the gene pool of a population. (Davis, 1991,

pp- 2-3).

These features of evolution highlight some of the
requirements and characteristics of genetic algorithms.
Genetic algorithms are useful for searching a population of
possible solutions for the most appropriate one. Genetic
algorithms require that each possible solution in the
population be ‘“coded as a finite-length string” (Goldberg,
1989, p. 7). This is usually assumed to be a binary
string. Genetic algorithms also require a type of
evaluation function to play the role of natural selection.
An evaluation, or “fitness,” function is the “link between

the genetic algorithm and the problem to be solved” (Davis,
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1991, p. 4). This function can take any possible solution
string and return the value of 1its fitness. This
information 1is then used by the genetic algorithm to
determine reproduction rates. Like evolution, the
reproduction process in a genetic algorithm is the main way
new encodings are introduced into the population. Parent
strings are selected and paired according to their fitness
function and mated with each other creating one or more
offspring (Haupt, 2004, pp. 41). The offspring represent a
recombination of the strings and, as Holland stated in the
schema theorem, the patterns (schema) present in the
parents. Additionally, some strings may be mutated by
having some of their bit values changed. Mutations are
important because they “introduce traits not 1iIn the
original population,” (Haupt, 2004, p. 43) and ensure that
the algorithm has the ability to generate all the possible
encodings of a solution. Finally, the new offspring are
introduced 1i1nto the population and the process repeats
itself.

1. Advantages of Genetic Algorithms

Genetic Algorithms are not the only way to solve
complex problems, but they do offer several advantages over
more traditional methods. For example, consider a function
with a solution space shaped like a mountain. The peak of
the mountain could be found by having an algorithm choose
any random point on 1it. The algorithm would examine the
surrounding points and move to the highest one. This
process would repeat until the algorithm returned a
location that had no higher surrounding points. This
method is called hill climbing (Goldberg, 1989, pp. 3), and
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while i1t is useful for a single mountain, it cannot be used
to find the highest point In a solution space that includes
multiple peaks. Hill climbing is susceptible to any local
maximums in the solution space it is searching. It will
find a peak of any mountain in the solution space, but
there iIs no guarantee that the particular peak i1t returns
is the highest one. Figure 10 illustrates the weakness of

hill climbing.

Figure 10. Hill climbing can easily find the peak of the
first surface, but it may become caught in the local
maximum on the second (From Goldberg, 1989, pp. 3-4)

Unlike hill climbing, a genetic algorithm is able to
search solution spaces with multiple local maximums more
robustly. In the above mountain range example, a genetic
algorithm starts with a population of Ilocations and a
fitness function that can return the elevation of any given
point. Since points with higher elevations are more likely
to be selected and reproduce the average elevation of the
population will increase over a number of generations.
Additionally, mutations ensure that the entire range of

possible locations remains available to the algorithm. The
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ability to choose the best point of a population of
locations allows the algorithm to move past any local

maximum it encounters.

2. The Basic Genetic Algorithm

Given the basic building blocks of a population of
encoded solutions, a fitness function, and a reproduction
process, a variety of different genetic algorithms can be
produced. While the building blocks may change depending
on the behavior desired by the developer, each instance of
a genetic algorithm follows similar steps.

1. Initialize a population of possible solution
strings.

2. Evaluate each string according to the Titness
function.

3. Create new strings by mating the current strings.

The probability of being selected for mating of
any particular string 1is determined by its
fitness score. Strings with higher fitness

scores have a higher probability to reproduce.

4. Delete members of the population as needed to

maintain desired number of strings.

5. Evaluate the new strings and insert them into the
population.
6. IT an end-state is reached, return the solution

encoded by the string with the highest fitness
score; else, repeat process from step 3. (Davis,
1991, p. 5).
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These steps represent the most basic implementation of
a genetic algorithm. Different techniques for population
control, parent selection, and reproduction allow

programmers to tailor the performance of the algorithm.

3. Population Controls

The population of a genetic algorithm contains the
combined knowledge or explored area of a problem space.
There 1s no set required population size or need for the
population to remain constant in the algorithm (Goldberg,
1989, p. 62). However, some instances of the algorithm do
mandate maximum, minimum, or even constant levels of

popullation.

Without the removal of some strings, the population
size will 1iIncrease with each generation as new solutions
are generated by reproduction. Generational genetic
algorithms discard all of the parent strings and form a new
population from their children in every generation (Coley,
1999, p. 83). This prevents growth of the population but
risks losing many of the best solution strings through

failures to reproduce, recombination, and mutation.

To help preserve higher ranking strings through
multiple generations, but still maintain a set population
size, many genetic algorithms use steady-state
reproduction. Steady-state reproduction creates a set
number of new strings and removes an equal amount iIn each
generation (Davis, 1991, p. 35). The determination of
which strings to remove is usually based on fitness scores.
Additionally an algorithm can discard child strings that
are duplicates of strings already in the population (Davis,
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1991, p. 37). The benefit of removing duplicates is a
“more efficient use of our allotted number of chromosomes
[strings]” (Davis, 1991, p. 37).

Two other 1issues that affect the population of a
genetic algorithm are elitism and seeding. Elitism entails
ensuring that the string with the highest fitness score is
carried from one generation to the next (Haupt, 2004, p.
245). This ensures that the most suitable solution
discovered so far is not lost due to failure to reproduce
or mutation. Seeding is done by inserting ‘“good guesses to
the optimum [string] values in the initial population”
(Haupt, 2004, p. 249). Additionally, seeding can take
place throughout the algorithm by adding good guesses to
the population at each new generation.

4. Parent Selection

Parent selection iIn a genetic algorithm ensures that
the strings with the highest fitness scores are given the
best chance for reproduction. There are a variety of ways
to implement parent selection, with two of the most popular

being tournament and roulette wheel selection (Haupt, 2004,
p. 41).

a. Tournament Selection

Tournament selection starts by selecting a random
sub-set of two or more solution strings from the current
population. The string with the highest fitness score 1iIn
the sub-set i1s selected for reproduction. This process 1is
repeated until the required number of parent strings have
been selected (Haupt, 2004, p. 40).
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b. Roulette Wheel Selection

The Tfirst step in roulette wheel selection is to
calculate the sum of the Titness scores for all of the
strings. Next a random number between O and the total sum
of the Titness scores 1s generated. Then the fitness
scores of the population are added together in sequence and
a running total 1is recorded. The string whose Tfitness
score makes the running total greater than or equal to the
random number 1is selected for reproduction. A new random
number 1i1s generated to select each subsequent parent.
(Davis, 1991, p. 14).

This method of selection gives each string iIn the
population a position on an 1Imaginary roulette wheel
proportional to their relative fitness score. The random
number represents the ball on the wheel and is more likely
to select strings with a greater area or higher fitness
score. Table 1 shows a sample population of four strings,
their respective Tfitness scores, and their percentage of
the total fitness sum. These percentages are then used to

create the roulette wheel shown in Figure 11.

Table 1. A sample population of four strings, their fitness
scores, and percentage of the total fitness sum
(From Goldberg, 1989, p. 11)
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Figure 11. A roulette wheel constructed from the sample
population in Table 1 (From Goldberg, 1989, p. 11)

One important consideration for parent selection
methods is selective pressure. Selective pressure is the
ratio of the probability that the string with the highest

fitness score 1is selected to the probability that the

average string 1is selected (Haupt, 2004, p. 41). It
selective pressure Is too high, diversity 1In new
generations will suffer. This 1s caused by the highest
ranking string being over-selected for reproduction. In

tournament selection, the higher the number of strings in
each tournament, the greater the selective pressure. For
roulette wheel selection, the presence of  super-
individuals, strings whose fitness scores are significantly
higher than the others, can greatly increase selective
pressure (Alba, 2006, p. 1-9).

5. Reproduction and Mutation

Reproduction is the recombination of strings that have
been selected to be parents. Most genetic algorithms
recombine strings in pairs. The pairing of parent strings

can be done randomly, or by ranking potential parents and
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having the best available strings mate with each other.
Additionally, some genetic algorithms can assign a
probability that strings selected for matting with each
other will go through the recombination process. The most

widespread form of recombination is through crossover.

a. One-point Crossover

The simplest method of recombination, one-point
crossover, “occurs when parts of two parent chromosomes are
swapped after a random selected point, creating two
children” (Davis, 1991, p. 17). An example of one-point
crossover can be seen by first creating two parent strings:

Parent A: 001110
Parent B 111001

A crossover point for the two strings is then selected at
random. The characters occurring after the crossover point
are swapped between the strings creating two new child
strings. If the crossover point for the two strings above
came out to be three, then the strings would be divided
like this:

Parent A 001 ] 110

Parent B 011 ] 011
The new child strings would then be:

Child Az 001011

Child B: 011110

b. Schemata

One-point crossover illustrates the importance of
schemata iIn the genetic algorithms. A schema is a “fixed
24



template describing a subset of strings with similarities
at certain defined positions” (Coley, 1999, p. 46). The
strings iIn the above example were constructed from the
characters 1 and 0. Schemata require a third character, #,

which acts as a placeholder and can equal either 1 or O.

In the one-point crossover example above, both

the parent and child strings contained the schema:
O#1# 1#

The following schema is only found in Parent B and Child A:
O#1011

Schemata have two main properties:order and defining
length. Order 1s the number of fixed positions iIn the
schema (Goldberg, 1989, p. 29). In the two schemata above,
the first has an order of three and the second has an order
of Tive. Defining length 1is number of bits between the
first and last fixed position in a schema (Goldberg, 1989,
p- 29). The first schema has a defining length of four and
the second has a length of five.

John Holland’s Schema Theorem explains how the
manipulation of schemata through reproduction 1s the
critical element of genetic algorithms. Simplified, the
theorem states that schemata that are found iIn strings with
above average fTitness scores will occur more frequently
than those found in below average strings (Davis, 1991, p.
20). Additionally, when using crossover reproduction, the
presence of schemata that have a low order, short defining
length, and above average Tfitness scores IiIncreases

exponentially in each generation (Goldberg, 1989, p. 33).
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Hol land describes the ability of (genetic
algorithms to manipulate large numbers of schemata in each
generation as intrinsic parallelism (Davis, 1991, p. 20).
In the early generations of a genetic algorithm, positive
schemata are spread throughout the population, giving many
strings parts of a good solution to the problem. Negative
schemata will also be spread through the population,
meaning strings may also contain parts of a “less optimal”
solution. Strings with more positive schemata will be more
likely to be selected for reproduction. Their
recombination with strings that also have positive
schemata, will start to bring the “pieces” of good
solutions together. At the same time that positive
schemata are being brought together, strings with mostly
negative schemata are not as Hlikely to be selected for
reproduction. This causes the negative schemata to die out

in the population over several generations.

C. Mutation

Mutation is the second way that new strings are
added to the population. Unlike recombination, mutation
requires only one string instead of a pair. Mutation can
be performed on either parent or child strings. Mutations
are 1important in the population because they allow the
algorithm to have the possibility of generating schemata
that cannot be created through recombination of the current
generation. Mutation rates are usually kept low, but can
be changed depending on the problem being solved (Coley,
1999, p. 22). High mutation rates can interfere with the
algorithm’s ability to transfer schemata between

generations.
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Bit mutation is one example of how a string can
be mutated. Each bit iIn the string has a probability of
being replaced based on the mutation rate. A mutation rate
of 0.005 means, on average, that five out of every thousand
bits will be replaced. Replacement of bits can be done by
random selection of a new bit, or by forced swapping of the
current bit. Random selection replacement only causes
actual mutations in half of the bits picked for mutation.
This i1s due to the possibility that the randomly-selected

new bit value will be the same as the old value.

d. Two-point Crossover

A weakness of one-point crossover 1is that there
are some schemata that 1t cannot combine (Davis, 1991, p.
48). This is usually seen In schemata with fixed positions
at the edges of the solution string. An example can be

seen in the following two parent strings:
Parent Az 1100011
Parent B 0011100
Parent A contains the schema:
11 ####1

One-point crossover 1is unable to produce this schema in
either of the child strings. While it is possible that the
schema could appear iIn the next generation due to mutation,

it is not likely unless mutation rates are high.

A technique to overcome this weakness is called
two-point crossover. It is similar to one-point crossover,
except two random crossover points are generated. The bits

between the two crossover points are then swapped between
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the two parents. IT the crossover points for the two
strings above were two and five, then they would be divided
like this:

Parent A: 1 1] 000] 11
Parent B 00 ] 111]00
The following child strings would be produced:
Child A: 1111111
Child B 00 000O0O

Note that the schema from above is present in Child A.

6. Convergence

A properly i1mplemented genetic algorithm should see
its population become less diverse with each generation as
more TFTit schemata begin to become more prevalent according
to the schema theorem. The movement of the population to
consisting of essentially similar individuals 1i1s called
convergence (Davis, 1991, p. 25). Looking at the two
solution spaces from the hill climbing example iIn Figure
10, a genetic algorithm would be expected to produce
solution populations that would converge toward the peaks
of the mountains over several generations. Convergence is
useful because it allows the algorithm to produce higher-

quality string populations, and return better solutions.

The 1less convergence that occurs 1iIn a (genetic
algorithm, the more it resembles a random inspection of all
possible solutions. Too much diversity between generations
can hinder convergence, and may indicate that there iIs a
problem in the implementation of the genetic algorithm.

Generational genetic algorithms and high mutation rates

28



generally hurt convergence. Crossover methods and
population size can also affect convergence (Haupt, 2004,
p. 109).

Genetic algorithms that converge too quickly are also
not desirable. Convergence after only a few generations
may mean that the algorithm is failing to make a reasonable
search of all of the possible solution space, and makes the
algorithm more susceptible to local peaks or valleys.
Additionally, continuing to produce new generations after
convergence is inefficient. Once mutation becomes the main
source of new strings 1In a population, rather than
recombination, the algorithm should be stopped (Haupt,
2004, p. 47).

7. Niches

Niches exist as separate subdomains of a particular
function (Goldberg, 1989, p. 185). In the example of
searching a mountain range for the highest point, each
individual mountain could be thought of as a separate
niche. Searching for the highest point with a simple
genetic algorithm will produce a population of Ilocations
centered on the peak of the highest mountain. To produce a
population containing representations of the niches around
each of the peaks requires modification of the basic

genetic algorithm.

One solution, proposed by David Goldberg and Jon
Richardson, uses a sharing function to calculate how
“similar” an individual string is to other strings. Higher
sharing values indicate a string exists in the same general
location of several other strings. The string’s Titness

function is then divided by i1ts sharing value to produce a
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degraded fitness score. The degraded fitness score is then
used for selecting parents for reproduction in the genetic
algorithm (Goldberg, 1989, pp. 191-192). The net effect of
the sharing function is that strings that are similar to
other strings have their Tfitness scores lowered, allowing
dissimilar strings with relatively high fitness scores a

better chance of being selected for reproduction.

Figure 12 shows Goldberg and Richardson’s results from
a genetic algorithm that does not use sharing, and one that

does, when run on a multi-peak function without mutation.
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Figure 12. Plots for a value (x) over a multi-peak

function, T(xX). The potential solution populations
at generation 100 for two different genetic

algorithms, both searching for the value of x that
maximizes F(x) are marked as points on the curve and

circled. The First genetic algorithm includes

sharing in i1ts fitness function, while the second
does not (After Goldberg, 1989, p. 194)
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David Goldberg also outlines work by Kenneth De Jong
using overlapping populations and crowding factors to
implement a way to find niches iIn a genetic algorithm
(1989, pp- 111-116). De Jong uses a variable called a
generation gap to differentiate between nonoverlapping and
overlapping populations. In nonoverlapping populations,
the generation gap equals one, while 1in overlapping
populations i1t i1s a value between zero and one. The
generation gap represents the fraction of strings that will
be selected for breeding in an overlapping population. An
equal number of strings are also selected at random to be
replaced by the resulting child strings (Goldberg, 1989,

pp- 111).

De Jong®s crowding model uses an overlapping
population and a new parameter called the crowding factor.
In the crowding model, each newly-created child string
replaces an existing string in the population. To select
the string that will be replaced by a new child string, a
sub-set of strings iIn the current population is created.
The crowding factor equals the number of strings picked at
random in the sub-set. The string in the sub-set that is
most like the child string, based on a bit-by-bit
similarity count, i1s replaced. (Goldberg, 1989, p. 116)

Since new strings are more likely to replace strings
that are similar, strings with unique characteristics (but
with possibly lower fitness scores) have a greater chance
to be present in future generations. This is similar to

removing strings that are duplicates from the population.
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D. SUMMARY

This chapter described the steps in the MDMP and the
process of creating and evaluating COAs. This chapter also
showed how genetic algorithms have the capability to solve
complex problems, provided solutions can be encoded iIn some
type of string. The fTollowing chapter will show how the
BBE is able to encode COAs and apply a genetic algorithm to
rapidly create and wargame thousands of computer-generated
COAs.
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111. THE BTRA-BC BATTLE ENGINE

A. INTRODUCTION

The BTRA-BC Battle Engine (BBE) uses products created
in the mission analysis step of the MDMP to allow planners
to create COAs that can be evaluated and evolved iIn a
genetic algorithm. This chapter describes some of the
basic 1inputs, Teatures, and functions of the BBE. In
addition, the user controls of the genetic algorithm are
defined.

Much of the information in this chapter comes from the
“Cognitive Amplification fTor Contextual Game-Theoretic
Analysis of Military Courses of Action,” which 1is an
invention disclosure for the BBE written by Jerry Schlabach
and Eric Nielsen.

B. MISSION ANALYSIS AND INITIAL INPUTS

Mission, Enemy, Terrain, Troops and Time (METT-T) are
some of the main considerations iIn the MDMP. Data on all
of these topics are gathered and studied during the IPB
process in mission analysis. METT-T data are some of the
initial inputs to the BBE. The BBE Mission Building menu,

seen in Figure 13, is where this information is entered.
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® The BTRABC Battle Engine (BBE) EEX

Battie Name: I Path Mame to Battle File
Load New Battle Save Battle
| My Uit Mame:i HECT

Weapons and Unit Types I Enemy Order of Battle l Friendly Order of Battle l_

Enemy Situation: ‘Superiorities: Friendly Situation:

ISR: (" Fr (" En (+ Meiher

Lire C2: (T Fr {En ¥ Neither { B Hasty Attack
Good Morale hd ANt Cifr CEn & Nekher

Friendly Order of Battle

ECDAs
Generate Battle Variables

About BBE |

BTRA Website

Enemy Order of Battle

Load BEE MCOO from Fl N - . . Time Slice:
oac SER LA m BEE Object ~ & Minutes
—= 12 Minutes | | Start Time: S
i # 18 Minutes 11200 Hs  w i
Weather Effects . L - " 24 Minutes
30 Minutes
n BBE: Terrain is a Cambat Multiplier S |
Figure 13. The BBE Mission Building menu

The Mission Building menu acts as the main hub for all
of the BBE functions and is the initial screen presented to
the user. This menu allows the user to load and save
battle scenarios. The buttons on the left side lead to
ECOA and FCOA construction menus and the Wargame menu.
Tabs i1n the middle section allow the user to enter
intelligence developed during the IPB. Additionally, the
user can enter the mission start and time slice to be used

for simulation.

1. Terrain

The MCOO, traditionally produced during the IPB, gives
mission planners an abstracted idea of the terrain iIn the
operational area. It outlines avenues of approach (AA) to
be used by attacking forces and the lines of defensible
terrain to be used the defending forces. In a yellow
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sticky drill, the MCOO would be the map that the units are
moved across. In the BBE, the MCOO is loaded at the bottom

of the Mission building menu as seen in Figure 14.

Figure 14. The MCOO loader in the Mission Building menu

The BBE uses a separate program to create MCOOs for
battle scenarios. The MCOO-Maker uses an abstraction of
the operational terrain called a “Braswell Index,” to
construct mission game boards. The Braswell Index creates
a network of mobility corridors around obstacles. The
index includes characteristics that outline combat
multipliers for attacking and defending forces 1iIn each
mobility corridor (Schlabach, 2009, pp- 8-9). An example
of a Braswell Index can be seen in Figure 15.
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Figure 15. An example of a Braswell Index. The lines
“bisect the Mobility Corridors between the obstacles”
(From Schlabach, 2008, p. 7)

The game boards created by the MCOO-Maker contain
enough terrain data to enable environmental combat
multipliers, but can still be loaded into the computer’s
basic memory. This allows for faster battle simulations
than if the game board was loaded from the computer’s hard
drive (Schlabach, 2009, p. 9).

The BBE game boards also contain information that
guides the movement of offensive units and the placement of
defensive units. For the attacking units, the game board
has a set of Virtual (V) Lanes that are analogous to AAs on
a typical MCOO. V-Lanes are a series of routes across the
game board extend from a wunit’s start point to its
objective. An example of a set of V-Lanes can be seen in
Figure 16. V-Lanes are logically parallel to each other
and act as the guide for offensive movement iIn the BBE
simulations. Additionally, V-Lanes contain information
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that indicates the type of attacking formations they can
support (Schlabach, 2009, p. 10).

For defensive units the game board identifies lines of
defensible terrain (LDT). LDTs are made from “neighboring
mobility corridors upon which a coherent defense can be
based” (Schlabach, 2009, p. 10). LDTs usually intersect V-
Lanes and act as placement points for defending units. An
example of an LDT can be seen iIn Figure 17.

B BBE Simple View (GameBoard)

Figure 16. BBE game board with several V-Lanes
highlighted. The mission start point and objective
have also been annotated.
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% BBE Simple View (GameBoard)

Figure 17. BBE game board with a LDT circled. Note how it
intersects the V-Lanes seen in Figure 16.

2. Order of Battle

The next elements entered 1iInto the BBE are the
friendly and enemy orders of battle. In the yellow sticky
drill, these would be the post-it notes that are moved
across the MCOO. Data to build these units would be
collected during the IPB process in mission analysis. Like
the Terrain loader, the BBE relies on an external program,
the BBE Weapons Assessment and Calculation Tool (B-WACT),
to provide weapon data. Seen in Figure 18, the B-WACT
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allows mission planners to ‘“develop a basic relative combat
power for individual weapons and weapon systems that
aggregate weapons” (Schlabach, 2009, p. 11). The combat
power ratings are based on the “Quantitative Judgement
Method of Analysis” (QJMA) developed by Colonel Trevor N.
Dupuy (Schlabach, 2009, p. 11). A list of these weapons
can be loaded iIn the Weapons and Unit Types tab in the
Mission Building menu seen iIn Figure 19. Mission planners
can also group weapon systems together to form both
friendly and enemy units in this tab.

2 BBE Weapons Assessment & Calculation Tool (B-WACT)

Mame

weapan name: - | HACS HoA Rfle

Country of Origin:  FYEe MACS M3 Rifl=

Barrett Model 95M Rifle
Rate of Fire (ROL|t1ds,-‘mir1l|te):- Edit Weapon wilk 12,7 Rifle
weapon Size (mm): [ Gepard MLA1 Rifle

Zastava MI3 Black Arrow Rifle
Maximum Effective Range (m):- Steyr HS Rifle

5 AT AYWEOF Rl
Muzzle Velocity (fastest, - 21 Faleon Rliflz

Muzzle Yelocity (slowest, mys): 1SY-06 Rifle
Barrett Mod 5241/5281M Rifle

Barrett M107 Rifle
Calculate Lethality Gepard M4 5A1 Rifle
: P 9mm Pistol
Weapon Lethality: _ Baretta 9mmm Pistol

Baretta Imm Pistol

: B small A -
Weapon Type: ] Agram 2000/2002 Machine Pistl
Add Weapon to List PP-93 Machine Pistol
. PM-63 Machine Pistol

Steyr Tactical Machine Pistal
Model 61 Skorpion Machine Pistal
KEDRKlin Machine Pistal

HaK MPS

Zasabva Master FLG SMG

<

| Define Weapon | Define Weapon System | view all Weapon Systems |

Manage Categories [ Load Weapons & Systems ] [ Save ] [ Export to BBE ]

Figure 18. The B-WACT is used to build units for use in
the BBE
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® The BTRA-BC Battle Engine (BBE)

Battle Name: I Path Mame to Battle File
Load New Battle ‘ Save Battle
| My Uit Mame.'] HBCT

e IR il | Eriemy Order of Battie | Eriendly Order of Battle | Bhild this Batie ]

Current Weapon Systems List: Friendly Unit Types: Friendly Unit Weapons List:
Mame BCP Wpn Name Qby | CumBYy
[ rans a7l e - Lllon
RedoriT ooy L2/E763 M4 Carbine 32 |0.0767 About BAE
Categary ] BWP J Hame Counkry J 10946 How Battery 6.3004 5 Fistol co o'zas
R REak o 6.01920, S0 Calon HIMWY (1 [0,0092 -
Security Section 19535 - T S nnes BTRA Website
T — i K1 S

T R 5

Friendly OB
Enemy Unit Types: Enemy Unit Weapons List:
Marme BCP Won Name by | CumBWP
Tank Co (T-80U) 36,0321, &
Tank Pl (T-G0U} 10,81
Tank Co HQ (T-80U) 360220,
Mart Plt {120mm) 0411

Wargame

o

Mech Fit (BMP-2) 419419, T
4 (3

At st -

n BEE: Tevwvin is a Cambat Multiplier

Exit BBE

Figure 19. The Weapons and Units Types tab. In this menu,
mission planners can load B-WACT weapons lists and
build units

Once unit types have been built, the mission planner
can begin to construct orders of battle (0OB) for both the
friendly and enemy forces. Both sets of forces have their
own respective OB building tabs in the Mission Building
menu shown In Figure 20 and 21. In these tabs, units are
grouped together to form subordinate commands that are then
used in COA construction. Previous OBs can also be loaded,
or current OBs saved, for later use. Each subordinate is
given a Base Power score, which is determined by the basic
combat powers of each of its units.
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Battle Name: | Path Name to Battle File
Save Battle

My Unit Mame:l HECT

Weapons and Unit Types  [IEIEACRte ROl Ul Friendly Order of Battle || Build this Battle

(2= PRe s RUE )| From: Path Name to Battle Total Enemy Base Power: WG]

Name: D Co (T-80U) Base Power: [36.0322 _ ! 25 . .
BCP

on Add 3 Mew Linit | o Remove Lnit | 36.0321...
10.61
3.60220...

Ti-Eligible Unit: Name Twpe ECP
v Tank Plt (T-500) 10,81 0.411
v Tank Plt (T-30U) 10.51 4.19419...

" Tank Pl (T-800) 1041 = | 25358
Tank Co HQ (T-800)  |5.602200,. Set 25258 Tcon | B8 ;53'??22"' ECOAS

(5P arty Brry (251) 2.6224

Wargame

Gen Spt | A Co (BMP-2) | B Co (BMP-2) | C Co (BMP-2) [0 ¢o (T-B0U)

i Refine
n Add New subordinate

Exit BBE

n BT Tormsin e Combat Ml g lion

Figure 20. The Enemy OB tab. The base power of the
subordinate command is circled in red

® The BTRA-BC Battle Engine (BBE)

Battie Name: I Path Mame to Battle Fils

New Battle Save Battle

My Uit Name:l HBCT

Weapons and Unit Types | Enemy Order of Battle | Friendly Order of Battle Build this Battle I

R From: Path Mame o Battle File Total Friendly Base Powel

Name: |GenSpt Base Power: !27.1239 )
7 e T Nare ut BBE
00 Add a New Unit | = Remave Linit I Scout Platoon

Friendly Unit Type:

Mortar Platoon BTRA Website

To-Eligible Unit Mame Type BCP Sniper Squad
Security Section Security Section 1.9335 Mech Infantry Company
P Platoan MP Platoan 6.019200, ., Tank Comparty
A Bathery M10946 How Battery  |6.3904 rreat - Engineer Company
E Battery M109A6 How Battery  |6,3904 Set 2525B Icon Recon Troop
M10946 How Battery

C Batkery M10946 How Batkery  |6.3904

ECOAs

MP Platoon
Security Section

Wargame

(qm 15t Combined Arms Br | 2nd Combined Arms Bn | RSTA Sqdn

e |
H Add Mew Subordinate Load Friendly OB Save Friendly OB

Refine

Exit BBE

n BB Termaniss Combe: Mulripiier

Figure 21. The Friendly OB tab. The subordinate command
tabs are circled 1n red
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3. Postures and Morale

The Tfinal inputs on the Mission Building menu deal
with the postures and morale of the respective forces and
act as combat multipliers 1i1n the battle simulation.
Mission developers can adjust the strength and overall
morale of forces to reflect conditions as needed. Morale
can be set to Tive different levels ranging from
“Excellent” to “Panic.” Force postures are set based on a
list that includes hasty attack, prepared attack, fortified
defense, hasty defense, prepared defense, delay/withdraw,
and movement to contact. Each of these settings
“influence[s] the attrition calculations [in the
simulation]” (Schlabach, 2009, p. 12). Additionally, the
mission planner can set superiorities for each side in
Intelligence, Surveillance, and Reconnaissance (ISR),
Command and Control (C2), and air power. These
superiorities represent advantages that the respective
forces may have in communication, intelligence, and control
of the operational air space. The superiorities settings
act as multipliers that affect unit attrition calculations
in the simulations combat model. Figure 22 shows the

posture, morale, and superiorities controls.

Figure 22. Controls for force postures, morale and
superiorities
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C. COA CREATION

After the terrain, orders of battle, and postures have
been set, a mission planner can begin creating COAs. Both
ECOAs and FCOAs have their own respective creation
interfaces, shown in Figures 23 and 25. In these examples
the FCOA creation menu contains offensive COA variables,
while the ECOA has defensive variables (the attacker-
defender roles can be reversed i1f needed). The top part of
both menus contains a list of prospective COAs that have
already been created, along with a short description of the
COA. Each ECOA created also has a user-provided value for
the relative probability that the enemy will use that
particular COA. The BBE also provides a visualization of
the COA setting, as seen in Figures 24 and 26.

% FCOA Development

FCOA Nominees: . - oo

Faormation: 110
M Visualize

Uﬂ( nsive COA Variables:

Subordinate: Bypass Criteria: T.O.-ahle Uniis: Subordinaie:

Num Abreast:  Unit Formation:

m a a

1 A& Troop 1 1st Combined Ar...
Unit Boundaries 2_2nd Combined Ar.. Wlhal (et 2 |2nd Combined Ar...

3 [RSTA Sgdn 3 [R5TA Sqdn
%S or Reserve:

Unit Assignments: Control Measure: Follows & Spt

L.Bndry: R.Bniry:

Attack On Line:

Internal Attack Online:
i | ———

Upon Peneiration:

v of GS, by formation slot: m Reserve Guidance:

-

Se y formation slot: At OBJ: m Reserve Lag Distance:
Bk -
Figure 23. The FCOA creation menu with offensive COA
variables
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COA variables are used to construct the bit strings
that drive the simulation 1in wargaming, and can be
manipulated iIn the genetic algorithm. There are three
types of COA variables in both offensive and defensive
COAs. The Tirst type 1is total unit variables. These
variables are found on the left side of the COA creation
menu and affect all units. Total unit variables determine
lanes of movement or responsibility, as well as formations
and ground support priority. The next type is subordinate
unit variables. These variables are found in the middle of
the menu and are set for each individual unit. The final
type of COA variable deals with Task Organizable (TO)
units. TO units can be assigned to any of the subordinate
commands in the order of battle. The assignment of TO
units is done on the right side of the COA creation menu.
While offensive and defensive COAs share many of the same
traits, there are some significant differences.
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B Graphical COA Construction Kit (GCCK)

|
4

Vo V-1 V-2 V3 V4 Vs V-6 V-7 V-8

1si Combined ... 2nd Combined ...
Attack  z4w 33 Attack 33w 53
Core: 137 Core: 137
To.26 163 f_T-.éE.-tl' 137

Graphical visualization of the FCOA displayed
in Figure 23. Since this is an offensive COA, units
are assigned V-Lanes to define their movement. The

exclamation points indicate priority for GS. The
values underneath the unit names display the units’
percentage of general support, the units’ core combat
power and the combat power of any subordinate forces
Task Organized (TO) to the unit. Each unit’s total
combat power is displayed in bold

Figure 24.

1. Offensive COA Variables

The Offensive COA variable set defines the movement of

the attacking force across the game board. The Invention
Disclosure document by Schlabach and Nielsen defines the

following variables.
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Number Abreast (Num abreast)-The number of
columns used by an attacking force. This value
IS dependent on available V-Lanes and subordinate

units.

Unit Formation—Outlines the position of each unit
based on the Number Abreast and number of
subordinate units. For example, a value of (O,
1, 1) indicates that there are three subordinate
units In two columns. The Ffirst unit 1is in
column “0,” while the second and third units are

in column “1.”

Unit Boundaries-Defines the V-Lane boundaries of
the unit columns. In Figure 23, a three abreast
formation 1is given the boundaries (2, 5). This
means that the first column will advance along V-
Lanes 0-2, the second column will use V-Lanes 3-
5, and the third column will use the remaining V-
Lanes. The 1llustration of this 1is seen 1iIn
Figure 24.

Unit Assignments—Assigns Subordinate units to
particular formation slots. The numbers
correspond to the Subordinate selection panel in
the middle of the FCOA creation menu. A value of
(2, 3, 1) would assign the second subordinate to
the Tirst formation slot, the third subordinate
to the second slot, and the first subordinate to
the third slot.
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Priority of General Support (GS)-Determines the
priority of GS by formation slot. In the
visualization of the COA, higher priority is
indicated by increased exclamation points as seen
in Figure 24.

Severity of GS by Formation Slot-Shows the
percentage of GS allocated to each formation

slot.

Left and Right Boundaries (L. Bndry, R.Bndry)—
These  controls restrict subordinate units’
movements to particular V-Lanes. In Figure 25,
the unit In the second column is given wider left
and right boundaries than the other units.

Upon Penetration-Describes unit actions after it
penetrates an enemy defensive position. This
variable 1is not completely implemented in the
battle simulations but is expected in subsequent

versions of the BBE.

At Objective (OBJ)-Describes unit actions once it
reaches 1ts objective. This variable 1is not
completely implemented in the battle simulations
but i1s expected iIn subsequent versions of the
BBE.

Stutter Start-Sets a delay for initial unit

movement.
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Bypass Criteria-Determine the level of defensive
force that will be bypassed once the LDT has been
penetrated. Ranges go from squad (SQD) to
battalion (BN).

Withdrawal Criteria—Indicates the unit strength
level at which the wunit will withdraw from
combat. Expressed as a percentage of overall

strength.

Follow on Support (F&S) or Reserve-Used only if
the subordinate unit is In a reserve slot iIn the

formation.

Reserve Lane-Determines the V-Lane for a reserve

unit.

Reserve Threshold-Determines the subordinate
strength level at which it will employ its

reserve unit.

Reserve Guidance-Directs the action of the
reserve unit. Reserve units can stay in assigned
V-Lanes or be set to attack either the “best-
dent,” “best-hole” (penetration of defense), or
“fFirst-hole.” This variable is not completely

implemented in the battle simulations.

Reserve Lag Distance-This variable controls the
distance that a subordinate unit assigned a
reserve task will stay behind the unit it 1is
supporting. (Schlabach, 2009, p 18-20)
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2. Defensive COA Variables

The defensive COA menu has several variables that are
the same as iIn the offensive COA menu. Number abreast,
formation assignments, boundaries, GS priority and
severity, and withdrawal criteria are also In the defensive
COA variable set. Unlike offensive COA creation, the
defensive COA set fTocuses on unit placement, not unit
movement. The TfTollowing variables are exclusive to the
defensive COA menu.

. Anchor LDT-Defines the LDT that will be defended.
Defensive units will be placed on the mobility
corridors that make up the LDT. In Figure 26,
the anchor LDT is LDT-5. Units are responsible
for defending sections of V-Lanes as they
intersect LDT-5.

. Anchor Line Setback—-Sets the distance a unit will
move back from the anchor LDT.

. Reinforce Policy-Determines which neighboring

units a non-attacked subordinate will reinforce.

o Delay or Reserve-Determines i1f a non-main line
defense unit 1iIs set In a Delay or Reserve
mission. In the example COA in Figure 25 and
Figure 26, D Company is set as a reserve unit.

. Delay Depth-Distance behind the anchor LDT for a

unit ordered to delay.

. Reserve Lag Distance-Distance behind the anchor
LDT for a unit set to reserve. (Schlabach, 2009,
pp- 15-17)
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Figure 25. The ECOA creation menu with defensive COA
variables
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® Graphical COA Construction Kit (GCCK)

A Co (BMP-21{... B Co (BMP-2) (...
Defend 25w, o5 Defend 254, 35
Core: 13 Core: 13

T.O:0 13 T0:0 13

VO V1 V2 V3 V4 VS V6 VI V8

Figure 26. Graphical visualization of the ECOA displayed
in Figure 25. In this defensive COA, units are

positioned at LDT-5. Each unit is given a range of

V-Lanes that they are responsible for blocking. D
Company is set to act as reserves for B Company

53



D. WARGAMING

Once a suitable set of ECOAs and FCOAs has been
constructed, the mission planner can move on to the Wargame
menu seen iIn Figure 27. From this menu, the mission
planner can set the desired end state, visualize a sample
battle between a FCOA and an ECOA, and obtain evaluation

scores for the FCOA set.

® Wargame

ECOA Nominees (IPB):

FCOM Mame Diescription ECOA Mame Rel.Prab
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alanced Defense - CA Companies 3 Abreast Formation

3 Abreast Formation: 10, |
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Figure 27. The Wargame menu

1. Desired End State

The desired end state (DES) in the BBE reflects the
commander’s intent that 1is created during the MDMP.
Commanders can use the DES menu, seen iIn Figure 28, to
“select criteria that reflect how he [or she] would like
the battlefield to “look” at the end of a successful
mission” (Schlabach, 2009, p. 28).
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® Sot Desired Battle End-State; BTRA-BC Battle Engine (BBE) CEX

Maximize Crverall Attacker Strength
Minimize Owerall Defender Strength
Maximize Atk Strength at sub-MC 1000
Maximize Atk Strength at sub-MC 1001
Maximize Atk Strength at sub-MC 1002
Maximize Atk Strength at sub-MC 1003
Maximize Atk Strength at sub-MC 1004 | Name
Maximize Atk Strength at sub-MC 1005 | 1st Combined Arms Bn
Maimize Atk Strength at sub-MC 1006 2nd Combined Arms Bn |
Maximize Atk Strength at sub-MC 1007 I | C Co (BMP-2)
Masimize Atk Strength at sub-MC 1012 D Co (T-500)

Attacker: Q@ Dlax

Copy from Wargaming | | Submit to Wargaming

Max Atk Min Atk Max Def Min Def Sub-MC Key W-Lane Index W-Lane Key
False False False
False False False
False False False
False False False

Figure 28. The Desired End State menu

End state criteria can include total mission time,
overall force levels, unit force levels, and unit strength
on particular mobility corridors. The current list of
selected criteria is displayed in the top left of the DES
menu. Each individual criterion is given a weight factor

that reflects its relative importance to the commander.

2. Battle Visualization

The BBE also allows planners to visualize sample COA
engagements as seen in Figure 29. Battle visualization
helps the mission planner see how units are moving across
the V-Lanes and confirms desired placement of defensive
forces. Planners can also track a unit’s status during a
particular COA.
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® BBE Simple Battle Viz: 3 wide attack versus Balanced Defense - Tk Co Reserve

Zoom-Pan-Rotate Controls:

g, @~
= B - ijﬂ #

=
CEET]

Introspection Table:

Field Yalue

WLane-0
WLane-1

WLane-3
WLane-4
WLane-5

VLane-6
WLane-7
WLane-8

FICIESIE-aEUIEY 5 g

Introspection Mode:

'~ ® 5i
role | __e ] __> | o | g
INRRRNRNRNNNNNNNRRRRRRRREE|
I

; ; : - T | || ) Individual " List

Figure 29. The Battle visualization screen. Controls at
the bottom of the screen allow the user to advance
the simulation. Unit information and MC data are

displayed to the right of the MCOO

3. COA Evaluations

The BBE evaluates battles using a modified Lanchester
equation with modified Dupuy QJMA coefficients (Schlabach,
2007, p. 3). Combat occurs anytime a defensive unit and an
offensive unit enter the same mobility corridor. Attrition
rates are determined by the combat strength of each unit,
terrain multipliers 1in the mobility corridor, and the
mission postures and morale set earlier. Battle outcomes
are deterministic, so the same FCOA and ECOA battles will

produce the same result in each battle.

Each FCOA is evaluated against the entire set of ECOAs
using the desired end-state variables, producing an
evaluation matrix seen in Figure 30. The individual scores

of the FCOA against each ECOA are weighted according to the
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user-assigned probability that the enemy will use the ECOA.

The scores are then summed to produce the FCOA’s total

Score.

® Evaluation Results for 3 wide attack

[RAC. [|Max Red: FEEERR 0t LR De-Synchronize

Evaluation Critetia

| Attac ength 14 |189.35608 204,66505 149,20155 [163.44594 |168. 57345295
| Defe h 10 |1e.s3iaz 28.517424 12.970149 17,951483 [7.3273006  [53.50783

11 [79.74304 a5, 43395 62 E5525 65,7231 |68.35119 36191156
it oo 0.0 0.0 0.0 0.0 0.0
i oo 0.0 0.4 0.0 0.0 0.0
1.1 |0 69,5445 0.0 57.542503 |57.542503  |184.62997
i oo 0.0 0.4 0.0 0.0 0.0
it oo 0.0 0.0 0.0 0.0 0.0
i oo 0.0 4. 759064 0.0 0.0 4. 759064
10 oo 0.0 0.0 0.0 0.0 0.0
1.5 [195.21951 191,31525 157.71555 169.51662 [169.58273 3833498
n i 20 |z0.9z6548 21671754 12 535605 0.0 0.0 z50, 4827
nimize Defenders 1.8 2860 255.0 209.0 150,16212 [150,16214 10603242
ECOA Score (this FCOA): 7680766 1081.1992 609, 14014 624,34174 [619.76025 (37025178

Figure 30. An FCOA evaluation matrix

E. THE BBE GENETIC ALGORITHM

As mentioned earlier, each FCOA maps to a bit string
that represents values in the COA variable set. The FCOA’s
score i1s the result of the fitness function provided by the
desired end-state variables. Since the BBE 1i1s able to
generate a population of solution strings, and has a way to
evaluate each string, 1t can run a genetic algorithm to
find FCOAs that maximize COA scores. The BBE genetic
algorithm is accessed from the bottom left corner of the

Wargame menu.

1. Results and Analysis

The results of the genetic algorithm are presented in
the BBE Search Results window, seen in Figure 31. The
window displays the current population of solution strings
with a shorthand description that includes the COA
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formation and boundaries.

positioned on the right side of the menu.

Controls for viewing filters are

Additionally,

convergence data and the average population score are shown

on

display the

the
best,

population.

of

throughout all

® BBE Sear

Progress of Generation # 27:

0%

Statistics for Cmrent Gen
Displayed Generation Number:

Average Fitness, this Gen: |

Max Amber: 14338.63

worst,

left side of the menu.

and

average

score

in

The convergence plot can

the

Average Fitness, last Gen:

14258.918
# of Braluations, thus far: 3315

# FPromoie selection to MDAP

£

z Aﬁrreast Formation: 0. 111, [1F; Bounday ™~
»

FCOA's displayed out of 200 in Genertion # |25

Mame or Cullum Mumber Scare Description

CN-Z965  (Gen-24) 4337.2026 |2 Abreast Formation: 0, 111, 10F; Boundar a

CMN-ZZ64 (Gen-18) 4391.161 |2 Abreast Formation: 10, 111, OR; Bounda

CM-1790  (Gen-14) 4321.653 |2 Abreast Formation: 0, 111, 11F; Bounda

CN-2102  (Gen-17) 4149.9756 |2 Abreast Formation: 0, 111, |1R; Bounda

CN-1799  (Gen-14) 4142.394 |1 Abreast Formation: 0, 110F, 10F; Mo Int

CN-2379 (Gen-19) 4255.7466 |2 Abreast Formation: 0, 111, 11F; Boundal

CM-1691  (Gen-15) 4230.532 |1 Abreast Formation: 110, 10F, OF; Mo Int

CM-ZE91 (Gen-23) 4250.663 |2 Abreast Formation: 0, 111, 11R; Bounda

CM-1891  (Gen-15) 4230.532 |1 Abreast Formation: 110, |0F, OF; Mo Inb

CN-3029  (Gen-24) 4142.3394 |1 Abreast Formation: 0, 110F, 10F; Mo Inb

CH-1463  (Gen-12) 4318.0864 |2 Abreast Formation: 10, 11, OR; Bounda ™ 1 & 2 © 3 4

CH-3029 (Gen-24) [4142.3394 |1 Abreast Formation: 0, [10F, I0F; Mo Tk gy p 4 6. m

CN-3089 (Gen-25) 4326.9556 |2 Abreast Formation: 0, 111, 11F; Boundal

CM-Z346  (Gen-19) 4340.205 |2 Abreast Formation: 10, 111, OR; Bounda & fber m
| CN-3012 (Gen-24) 4317.4194 |2 Abreast Formation: 0, 111, 11F; Bounda By Cullum Number:

CN-3029  (Gen-24) 4142.3394 |1 Abreast Formation: 0, 110F, 10F; Mo Inb

Ch-Z996  (Gen-24) 41546123 |2 Abreast Formation: 10, [11, 1F; Boundai CNsheores |1

CN-3042 (Gen-24) 4321.0265 2 Abreast Formation: 0, 111, 11F; Boundal — |

CN-2405  (Gen-19) 4209.0854 |1 Abreast Formation: 0, 110F, 10R; Mo Int

CH-17I0 (Gen-14) 4321653 2 Abreast Farmation: 0. 111, 11F; Boundsr B9 2DF: [l =]

CN-2756  (Gen-ZZ) 4299.7236 |2 Abreast Formation: 0, 111, 11F; Bounda By Niche: m

CN-3036 (Gen-24) 4305.1436 |2 Abreast Formation: 0, 111, 11F; Bounda

CN-3207  (Gen-26) 4301.36877 |2 Abreast Formation: 0, 111, 11F; Bounda

Ch-zZze (Gen-1a) 41665247 |1 Abreast Farmation: 0. 110F, 10F; ot CAmalyze:

% : 0, 1I0F, I0F;

CM-15891  (Gen-15) 4230.532 |1 Abreast Formation: 110, |0F, OF; Mo Int

CN-Z730 (Gen-ZZ) 4227.395 |2 Abreast Formation: 0, 111, 11F; Bounda

CN-2405  (Gen-19) 4209.0854 |1 Abreast Formation: 0, 110F, 10R; Mo Int

CN-3036 (Gen-24) 4305.1436 |2 Abreast Formation: 0, 111, 11F; Bounda

CMN-2881  (Gen-23) 4359.3027

op Search ‘ Pareto -
Display Cream of Crop J Amnalysis
Figure 31. The BBE Search Results menu
Mission planners can also choose to display the “cream
the crop,” the highest-scoring solutions found

at the bottom of the menu.

it

generations.

includes FCOAs that may have been

Figure 32.

of the generations,

by pressing the

button

This display is useful because

The Cream of the Crop display
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lost

is shown

in previous

in



¥ Cream of Crop from FCOA Search

Retwrn the Top |50 = | FCOA's

[ e | A Dupes
Max Grey: |4460.04

(SR eN M| Max Blue: |4443.11

f Promoie selection to MIDATP

Figure 32.

Marne or Cullum Murmber Score Description
Ch-3266  (Een-2Z6) 4476,965 |3 Abreast Formation: 0, 11, 112; Boundaries = 1,
Ch-3057  (Een-24) 4457.5034 |2 Abreast Formation: 10, 111, OF; Boundaries = 0
Ch-3221  (@en-Z6) 4444912 |2 Abreast Formation: 10, 111, OF; Boundaries = 0
Ch-1543  (@en-12) 4439.567 |3 Abreast Formation: 0, 111, 12; Boundaries = 1,
Ch-2716  (Een-22) 44379517 |3 Abreast Formation: 110, 1, 12; Boundaries = 0,
Ch-2547  (@en-2Z0) 4475.298 |2 Abreast Formation: 10, 111, OF; Boundaries = 0
Ch-1586  (Een-13) 4419,9043 |2 Abreast Formation: 10, 111, OF; Boundaries = 0
Ch-3146  (Een-25) 4417. 7627 |3 Abreast Formation: 110, 11, 2; Boundaries = 0,
Ch-Z883  (Een-23) 4410,8057 |2 Abreast Formation: 0, 111, 11F; Boundaries = 1
Ch-3011 {@en-24) 4409,3047 |2 Abreast Formation: 0, 111, 11F; Boundaries = 1
Ch-2392  (Een-19) 44077075 |2 Abreast Formation: 10, 111, OF; Boundaries = 0
Ch-2739  (Gen-22) 4394,0537 |2 Abreast Formation: 0, 111, 11F; Boundaries = 1
Ch-3116  (Een-25) 4392,2303 |2 Abreast Formation: 0, 111, 11F; Boundaries = 1
Ch-226d  (Een-18) 4391.161 |2 Abreast Formation: 10, 111, OF; Boundaries = 0
CM-Z040  (Een-23) 4390,894 |2 Abreast Formation: 10, 111, OF; Boundaries = 0
Ch-ZEG81  (Gen-23) 4359.3027 |2 Abreast Formation: 0, 111, 11F; Boundaries = 1
TM-3137  (Een-25) 4355,4565 |2 Abreast Formation: 0, 111, 11F; Boundaries = 1
Ch-2733 (Gen-22) 4385.4634 |3 Abreast Formation: 0, 11, 112; Boundaries = 1,
CM-1789  (Gen-14) 4330,713 |3 Abreast Formation: 0, 11, 112; Boundaries = 1,
Ch-3131 (Gen-25) 4375.4443 |3 Abreast Formation: 110, 1, 12; Boundaries = 0,

4

B

The Cream of the Crop display

FCOAs that look promising to the mission planner can

be added to the candidate

list

in the Wargame menu by

pressing the “Promote selection to MDMP” button, which 1is

present in both the search results and Cream of the Crop

displays.

The search results window also has links to three

analytical windows for further COA evaluation. Shown in
Figure 33, the Risk Analysis window evaluates how changes
to the ECOA set affect the scores of FCOAs created by the
genetic algorithm. The Evaluation Criteria Analysis
window, seen iIn Figure 34, is similar to the Risk Analysis
window, except instead of using changes to the ECOA set, it
focuses on the desired end-state variable. Finally, the
Pareto Analysis window, 1in Figure 35, allows mission

both the ECOA set and

evaluation criteria to find optimal FCOAs to promote to the

planners to test trade-offs 1iIn

candidate set.
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OA's: ) B Display oo <] s CR> e
= = N Apply Search Results Filiers
B vr<l ~iDR<fm -
Mame or Cullum Mumber Scare Description
fCrzass (Gen19) 1512,5025 3 Abreast Formation: 10, 1, 112; Bound + Depreeadoniame BT | 2l
Ch4a55 (Gen-33) 1511,7974 |3 Abreast Formation; 10, 1, 112; Bound Baianced Detense <Tk CRasoris I i‘
Chi-2430  (Gen-18) 1510.1125 |3 Abreast Formation; 10, 1, 112; Bound foslanced Libense + oA Conparies [
5036 (Gen-40) 1501.8261 |3 Abreast Formation: 10, 1, [12; Boon ::rn"‘:‘aﬂ“:i[jzfense - Tk Co Reserve g =
|Ch-5426  (Gen-51) 14583,1482 |3 Abreast Formation: 10, 1, 112} Bouno
|Ch-6298  (Gen-50) 1479,58684 |3 Abreast Farmation: 10, 1, 112; Bounc
[Ch-5443  (Gen-S1) 1479,3752 |3 Abreast Formation: 10, 1, 112} Bount e
|Ch-5353  (Gen-42) 1478.0796 |3 Abreast Formation: 0, 11, 112; Bouns FCos Name us
|CH-5983  (Gen-47) 1473,4752 |3 Abreast Farmation: 10, 1, 12; Bound |ch-4955  (Gen-39) [1511.7975 |1 Balanced Defense -... [1190.45%¢ 0 |1
JCH-3415  (Gen-26) 14724517 |3 Abrsast Formation: 0, 1, 112; Boore |cr-2353  (Gen17) [1512.5924 0 [Balanced Deferse -, [l1834924 1 [
|H-6456  (Gen-51) 1472, 1647 |3 Abreast Farmation: 10, 1, 112; Bound CN-2430 (Gen-18) [1510.1125 |2 Balanced Defense -... [1187.833 2 [0
JCH-3673 (Gen-20) 14709644 |3 Abrsast Formation: 0, 111, 12; Boone CN-5035  (Gen40) [1501.8282 |3 |Balanced Defemse-.. [1180.4901 [3 [0
|H-6005  (Gen-47) 1469,4797 |3 Abreast Farmation: 10, 1, !12; Bound CN-6426  (Gen-51) [1463.1463 |4 Balanced Defense -... [1164.9613 |4+ [0
JCH-3769 (Gen-29) 1468.3926 |3 Abrsast Formation: 10, 1, 112; Boone CN-3673  (Gen-25) [1470.9645 (11 |Balanced Defemse-.. [1162.8059 [ |6
|H-3889  (Gen-30) 14673342 |3 Abreast Farmation: 10, 1, !12; Bound CN-443  (Gen-51) [1479.3754 |6 Balanced Defense -... [1162.4525 & [0
|Ch-2469  (Gen-18) 1467.0126 3 Abreast Formation: 10, 1, 112; Boun [Gen-50) [1479.5885 |5 Balanced Defense -... |1161.8916 |7 =z
|CN-6109  (Gen-43) 1466,29801 3 Abreast Formation: 10, 1, 112; Boun (Gen-4z) [1478.0798 |7 Balanced Defense -... [1160.7977 |6 =1
|CH-5563  (Gen-44) 1465.8214 3 Abreast Formation: 10, 1, 112; Bouns (Gen-47) [1473.4752 |3 Balanced Defense -.., |1158.3284 |9 a1
[Ch-6154  (Gen-43) 1463,1803 3 Abreast Formation: 10, 1, 112; Boun y 1472.1649 |10 |Balanced Defense -... |1154.4681 10 |0
|Ch-5841  (Gen-46) 1463.0001 3 Abreast Formation: 10, 1, 112; Bouns (Gen-47) [1469.4797 |12  |Balanced Defense -... 11524285 |11 |1
|CN-5742  (Gen-45) 14627148 3 Abreast Formation: 10, 1, 112; Boun (Gen-48) [1466.9807 |16  |Balanced Defense ... |1150.6604 |12 |4
|Ch-6044  (Gen-48) 1460,2931 3 Abreast Formation: 10, 1, 112; Bouns (Gen-44) [1465.8215 |17  |Balanced Defense -.., |1150.668 13 |4
|CN-5984  (Gen-47) 14556616 3 Abreast Formation: 10, 1, 112; Bound [Gen-46) [1463.0 19 |Balanced Defense -... |1149.9078 |14 5
|Ch-6038  (Gen-48) 1453.7263 3 Abreast Formation: 10, 1, 112; Bouns (Gen-49) [1463.1807 |18  |Balanced Defense -.., |1148.9587 |15 |3
[Ch-5411  (Gen-51) 14530309 3 Abreast Formation: 10, 1, !12; Bound [Gen-45) [1462.7148 |20 |Balanced Defense -... |1148.2042 |16 |4
|CH-5454  (Gen-513 1452,8312 3 Abreast Formation: 0, 111, 12; Bouni + (Gen-29) [1468.3926 |13 |Balanced Defense -... [1147.0203 |17 |4
N S LJJ (Gen-30) [1467.5344 |14 |Galanced Defense-... |1147.0203 |18 =
(Gen-26) |1472.4518 |2 Balanced Defense -.., (1146,1256 |19 |-10
(Gen-18) |1467.0125 |15  |Balanced Defense -... [1145.6401 20 |-5
(Gen-43) 11460.293 Balanced Defense -.., 11145.1472

| # Promote selection to MDMP|

Figure 34.
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Mumber Description - -
[511.7374 |3 Abreast Farmation: 10, 1, 112; Boundaries = 0, 1. LEHEEa A 2Lpiay ooy
1510,1125 |3 Abreast Formation: 10, 1, 112; Boundaries =, 1. At strength at sub-HC 1005 i
1501.5251 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 1. fsiitte AR SRt L IGO0 I
1483.1482 |3 Abreast Formation: 10, 1, 112; Boundaries =10, 2.
1479,5854 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2,
1479,3752 |3 Abreast Formation: 10, 1, 112; Boundaries =10, 1.
1478.0798 |3 Abreast Formation: 0, 11, 112; Boundaries =0, 2, p— ——————
14734752 |3 Abreast Formation: |0, 1, 112; Boundaries =10, 2, UR D-Eval Crit D5 R
14724517 |3 Abreast Formation: 0, 11, 112; Boundaries = 2, 3. Maximize Overall Attacker Strength 941.5496(3 6
1472.1647 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, Maximize Overall Attacker Strength 911.9251 |4 -3
1470.5644 |3 Abreast Formation: 0, 111, 12; Boundaries =0, 7. Maximize Overall Atkacker Strength 909,6206 |5 K3
1469,4797 |3 Abreast Formation: 10, 1, 112; Boundaries = 1, 2, Maximize Overall Attacker Strength 906,30.., |6 -
146&.5926 |3 Abreast Formation: 10, 1, 112; Boundaries = 2, 3. Maximize Overall Attacker Strength 099.22137 -4
1467.3342 |3 Abreast Formation: 10, 1, 112; Boundaries = 2, 3, Maximize Overall Attacker Strength 8 -
1467.0126 |3 Abreast Formation: 10, 1, 112; Boundaries = 2, 3. 2 |Maximize Overall Attacker Strength 9 3
1466,9801 |3 Abreast Formation: 10, 1, 112; Boundaries =10, 1, Maximize Overall Attacker Strength -2
1465.6214 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, Maximize Overall Atkacker Strength -5
1463,1803 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, Maximize Overall Attacker Strength &
1463.0001 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, Maximize Overall Atkacker Strength -6
1462.7148 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, 11 |Maximize Overall Attacker Strength -3
1460.2931 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, 10 |Maximize Overall Attacker Strength -5
1455,6616 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 1, 21 |Maximize Overall Attacker Strength 5
1453, 7263 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, 17 |Maximize Overall Attacker Strength (i}
1453.0309 |3 Abreast Formation: 10, 1, 112; Boundaries = 0, 2, 20 |Maximize Overall Attacker Strength 2
1452.5312 |3 Abreast Formation: 0, 111, 12; Boundaries = 0, 3. 16 |Maximize Overall Attacker Strength -3
1444,3549 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 1, 19 |Maximize Overall Attacker Strength -1
1443.8827 |3 Abreast Formation: 10, 1, 112; Boundaries =0, 2, 18 |Maximize Overall Attacker Strength -3
et — Senes ne sl Sl 23 |Maximize Overall Attacker Strength 1
22 |Maximize Overall Attacker Strength -1
W virnine Nwawsll Atkackar Shranath

The Evaluation Criteria Analysis window

fil




M Pareto Analysis

Mame or Cullum Mumber Score Description
Pare'ta- CN-2353  (Gen-17) 1512.5925 3 Abreast Formation: 10, 1, 112; Boundaries = «
. CH-4955  (Gen-39) 1511,7974 |3 Abreast Formation: 10, 1, 112; Boundaries =:‘ t Promote selection to MDNMP

Optlmal CN-z430  (Gen-18) 15101125 |3 Abreast Formation: 10, 1, 112; Boundaries =
FCOA ls CN-5036  (Gen-40) 15018281 |3 Abreast Formation: 10, 1, 112; Boundaries =
CN-6426  (Gen-51) 1453.1462 |3 Abreast Formation: 10, 1, 112; Boundaties =
CH-6298  (Gen-50) 1479.5884 |3 Abreast Formation: 10, 1, 112; Boundaries =
Fron Fiual Grs CN-6443  (Gen-51) 1479.3752 |3 Abreast Formation: 10, 1, 112; Boundaties =
& Craant of Crop CH-5353  (Gen-42) 1478.0798 |3 Abreast Formation: 0, 11, 112; Boundaries =
CN-5983  (Gen-47) 1473.4752 |3 Abreast Formation: 10, 1, 112; Boundaties =
CH-3415  (Gen-26) 14724517 |3 Abreast Formation: 0, 11, 112; Boundaries =

CN-6456  (Gen-51) 1472.1647 |3 Abreast Formation: 10, 1, 11Z; Boundaries =
1] | 3|

FiOA Mame or Cull.., | Original ... | Met Para...] EBala,.
CN-2353  (Gen-17) 15125925 [0.0 230
Pareto- Ch-4955  [Gen-39) 15117974
CN-2430  (Gen-l8) 1510,1125

T rade—Oﬁ’ CN-G036  (Gen-40) (15018281
2o |lch-e426  (GenS1) (14831482

‘A”aly SIST |Gz (Gen-50) 14795854
CN-B443  [Gen-51) (1479.3752
CN-E353  [Gen-42) 1478.0798
Trade-OF Matric: |/ V5983 [Gen-47) [1473.4752
CN-3415  [Gen-26) 14724517
Mo Weight CN-6456  (Gen-51) (1472 1647
C Pet Mo Wt CN-3673  [Gen-28) 14709644
CN-B00S5  (Gen-47) [1469.4797

i~ ECOA Wt CN-3769  (Gen-23) |1468,3926
 Byal Cvit ¢ ||CH-6L09 (Gen-4g) 14669801
CN-ESE3  [Gen-44) 14658214
" Full Weight  |lcn-6154  (Gen-49) [1463.1803

o pet, i |

Figure 35. The Pareto Analysis window

2. Genetic Algorithm Parameters

The BBE also offers some advanced controls over the
implementation of the genetic algorithm. The genetic
algorithm search parameters menu is shown in Figure 36.
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® Advanced GA Search Parameters

Domain-Forced Niching: {ensures CO4 Disinctness, reduces efficiency)

| Swpericke Doswain Nickes |

TBD Search Paramaters:
Desired COA Variables instances:

Undesired COA Variables instances:

M Overlapping Generations

Generation Gap: m

Crowding Factor for Niching: ] [linois Campetext GA's: Acquire more Computing Power:

Seed for Random Number Generator:

Figure 36. The Genetic Algorithm Search Parameters menu.
Currently, only items in the on the left side are
implemented

Mission planners have control over the following

parameters:
o Population Size-Set iIn increments ranging from 200
to 2000.
. Number of Generations—Set 1iIn increments ranging

from 25 to 400.

. Selection Technique-Set to either roulette wheel

selection or two-, three=, or four-way tournament.

o Crossover Technique-Set to eilther one or two-point
crossover. The probability variable represents the
chance that two strings selected for mating will
actually breed. It can be set from 0.4 to a

maximum of 0.9.
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Mutation Rate-Set in iIncrements ranging from 0.001
to a maximum of 0.04.

Replacement Policy-Set to full Darwin, Half and
Half, and full parricide. In full Darwin, only the
highest-scoring strings are selected for the next
generation. Half and Half takes a mix of the best
parent and best child strings. Full parricide

takes only child strings into the next generation.

Seed Policy-Soft seeding puts FCOA candidates from
the Wargame menu list into the Tirst generation.
Hard seeding puts FCOA <candidates 1In each
generation. Seeding cannot be done 1Tt overlapping
generations i1s enabled.

Overlapping Generations—Enables overlapping generations.
This i1s used to implement De Jong’s crowding model.

Generation Gap-Sets the generation gap, it
overlapping generations is enabled.

Crowding Factor-Sets the crowding factor, if

overlapping generations is enabled.

SUMMARY

BBE provides a powerful tool to -enable the

consolidation of several IPB products and encoding of COAs

as bit strings. Its genetic algorithm can be used to

discover new FCOAs and can be tailored using an advanced

set of parameters. The next chapter outlines the method to

test the effects these parameters have over the genetic

algorithm and the search results.
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IV. METHODS

A. INTRODUCTION

This chapter outlines the methods that were used to
test the effects that certain parameter settings have on
the BBE’s genetic algorithm. The experiment consisted of
multiple searches for FCOAs using different configurations
of the genetic algorithm. In order to provide a constant
search space, a single battle scenario was used in all BBE

search runs.

B. THE SCENARIO

The test scenario was a modified version of a battle
provided by Eric Nielsen and Jerry Schlabach. The battle
simulates a friendly force of two combined arms battalions
and a Reconnaissance, Surveillance, and Target Acquisition
(RTSA) squadron engaging an enemy Tforce of infantry
fighting vehicles and tanks. Full orders of battle are

provided in Appendix A.

The friendly and enemy forces were both given full
strength and good morale, as seen 1in Figure 37. The
friendly forces were conducting a hasty attack, while the
enemy Tforces prepared a hasty defense. The time slice for
the simulation was set to 18 minutes. Neither side was

given any ISR, C2, or air superiorities.
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Enemy Situation: ‘Superiorities:
ISR: C Fr  En G Meither

I Hasty Defense ¢ R CER F'I\iﬁThEE' =5
| Good Morale N e I e :

Friendly Order of Battle

Generate Battle Variables
|
Load BBE MCOO fi Fil e shoe:
oal AL rom ke .
m BEE Object 6 Minutes

12 Minutes | | Start Time:

: La ' 18 Minutes |1200 Hrs - |
weather Effects BEE Simple Yiew i
Y " 24 Minutes

30 Minutes

Enemy Order of Battle

Figure 37. Battle variables for the test scenario

There were no candidate FCOAs created for wargaming.
The scenario did 1include five ECOA nominees. The
visualizations for these ECOAs are included in Appendix A.
COA evaluation criteria were kept minimal. FCOA were
evaluated on overall attacker and defender remaining
strength at the end of the battle. Additionally, FCOAs
were rated on friendly strength levels at the end of the
respective V-Lanes. The 1list of criteria 1is shown in

Figure 38.
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Figure 38. The COA evaluation criteria. Note “‘sub-MC”
criteria are for the mobility corridors at the end of
the various V-Lanes

C. PARAMETERS TESTED

In total, seventy-six search runs were completed with
various configurations of the genetic algorithm parameters.
All searches were completed with a population size of 400
and run for 50 generations. Seeding was not used in any of
the searches. Each configuration was done once with one-

point crossover, and once with two-point crossover.

1. Analysis of Impact of Selection Technique

The Tfirst 48 searches were completed in four blocks
based on selection technique. Each selection technique was
given twelve searches with varying parameter configurations

for crossover, breeding probability and mutation (shown in
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Table 2). In these initial searches, replacement policy

was set to full Darwin. Overlapping populations were not
enabled.
Run # Crossover Probability Mutation

1 One-Point 0.7 0.005
2 One-Point 0.7 0.005
3 Two-Point 0.7 0.005
4 Two-Point 0.7 0.005
5 One-Point 0.4 0.005
6 Two-Point 0.4 0.005
7 One-Point 0.9 0.005
8 Two-Point 0.9 0.005
9 One-Point 0.9 0.005
10 Two-Point 0.9 0.005
11 One-Point 0.7 0.01
12 Two-Point 0.7 0.01

Table 2. The configuration of parameters for crossover,
breeding probability and mutation used to test
selection techniques.

2. Analysis of Impact of Replacement Policies

After testing each of the different selection
techniques, the next sixteen runs were configured to test
the replacement policies of half Darwin and full parricide.
For these runs breeding probability and mutation were fixed
at 0.7 and 0.005. Each replacement policy was run with
each of the four selection techniques twice, once each for

both one and two-point crossover.

3. Analysis of the Crowding Model

The final twelve runs enabled overlapping generations,
and tested the implementation of De Jong’s crowding model.
All searches were conducted using full Darwin replacement.
Breeding probability and mutation rate were again fixed at
0.7 and 0.005, respectively. The crowding factor was fixed
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at three for all runs. Half of the runs were done with a

generation gap of 0.5, the other half used 0.9.

D. DATA COLLECTION

The average FCOA score and the overall best FCOA score
in the final generation were recorded for each search run.
The convergence charts, showing the best, worst, and
average scores fTor each generation, were recorded through
screen captures. Additionally, the diversity in FCOAs in
the fTinal generation was examined. This was done by
examining number abreast and formation boundaries displayed
in the Search results window. Populations that were
composed of FCOAs that all used the same number abreast,
and had the same formation boundaries, were considered less
diverse than those that had a variety of number abreast and

varying formation boundaries.

E. SUMMARY

This chapter reviewed the experiment setup to test
specific genetic algorithm parameters. The following

chapter reviews the results of the search runs.
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V. RESULTS AND ANALYSIS

A. INTRODUCTION

This chapter presents the results of the BBE search
runs and analyzes the data according to the different
genetic algorithm parameters. The configurations and
outcomes for the entire set of search runs are presented in
Appendix B.

B. GENERAL STATISTICS

The FCOAs that used the three-abreast formation
typically had higher evaluation scores and made up most of
the final generation In a majority of search runs. FCOA
using the one-abreast formation did not score well, and

were almost never seen in any of the final generations.

The maximum FCOA score found by any of the searches
was 1539.112, using three-way tournament selection, 0.7 for
breeding probability, 0.005 mutation, full Darwin
replacement, and a non-overlapping population. The minimum
score was 1450.9069. It was found using roulette wheel

selection, one-point crossover, 0.7 breeding probability,

0.005 mutation, and full parricide replacement. The mean
of the “best” string found for all searches was 1507.4088,
with a standard deviation of 21.288. It should be noted

that multiple search configurations returned “best” strings
with the score 1524.7787. It is possible that these
configurations found either the same FCOA, or a series of
similar FCOAs. Since some features were not implemented iIn
the version of the BBE used for testing, FCOAs that
differed only 1i1n those variables produced the same
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evaluation score. With regard to the average score in the
final generation for each search configuration, the mean
value was 1463.8212 with a standard deviation of 69.202.

C. SELECTION TECHNIQUE

The selection technique parameter did not appear to
greatly affect the outputs of the search runs. Table 3
shows the best FCOA found and the mean final generation
average score for each of the selection techniques. These
comparisons do not include runs using overlapping
generations, which were not enabled for roulette wheel
selection in the BBE version used for testing.

Best FCOA Score Mean Final Generation

Selection Technique Found Average Score

Roulette Wheel 1524.7787 1470.622781
Two Way

Tournament 1535.9318 1466.11395
Three Way

Tournament 1539.1112 1462.831831
Four Way

Tournament 1524.9167 1466.100356

Table 3. Comparisons of selection technique performance

T-test comparisons, with a significance level of 0.05
of the mean final generation average scores, did not show
any differences among the selection techniques.

D. CROSSOVER

There were also no apparent differences iIn outcomes
between one- and two-point crossover. Table 4 displays the
best FCOA found and mean final generation average score for

both of the crossover styles.
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Best FCOA Score Mean Final Generation
Crossover Found Average Score
One-point 1539.1112 1461.881234
Two-point 1538.9307 1464.988335

Table 4. Comparisons for crossover technique

E. REPLACEMENT POLICY

The selection of replacement policy had the greatest
affect on the genetic algorithm search results of any of
the tested parameters. Comparisons of replacement policy
were made using search runs with 0.7 breeding probability,
0.005 mutation rate, and non-overlapping populations. Full
parricide performed significantly worse than either half or
full Darwin, as seen iIn Table 5. However, TfTull parricide
did produce the most diverse Tfinal populations. Full
parricide runs were the only searches to have FCOAs that
used one-abreast formations present in the final

generation.
Best FCOA Score Mean Final Generation Average
Replacement Policy Found Score
Full Darwin 1539.1112 1495.095713
Half Darwin 1524.7787 1489.7632
Full Parricide 1509.8441 1280.414438

Table 5. Comparisons of replacement polices

Figure 39 shows the difference in convergence charts
for a typical search run using full Darwin, half Darwin,
and Tull parricide replacement policies. The full Darwin
run shows steady i1mprovements to the worst and average
scores through each generation. The half Darwin run shows
similar improvements, although not to the same degree as

73



the full Darwin run. The full parricide run shows a slight
improvement in population average, but erratic behavior in

the worst FCOA score.
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Figure 39. Convergence plots from three search runs. The

first is from a full Darwin search, the second a half
Darwin, and the third a full parricide. In each
plot, the black represents the best FCOA score, grey
is the average score, and yellow is the worst score

Figure 39 also illustrates one of the key differences
between full and half Darwin searches. Searches using fTull
Darwin tended to converge vrather quickly, with later
generations composed of essentially the same FCOA. Half
Darwin searches would converge slower than those using full
Darwin, maintaining a greater variety of FCOAs in each

generation.

F. THE CROWDING MODEL

The i1mplementation of De Jong’s crowding model showed
improved diversity in the final generation, with a reduced
mean TFfinal generation average score than similar searches
that did not use overlapping generations. The reduction iIn
mean final generation average score was most likely due to
the increased diversity, which would allow lower scoring

FCOAs to remain in the general population longer.
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Increasing the generation gap from 0.5 to 0.9 reduced the
diversity, and made the searches behave more like a typical

full Darwin search.

G. SUMMARY

Of the three main parameters tested (crossover,
selection technique, and replacement policy) only changes
to replacement policy showed any drastic effect on the
performance of the genetic algorithm. Searches using full
and half Darwin significantly outperformed TfTull parricide
searches with regards to best FCOA found and mean final
generation average score. Additionally, the crowding model
in the BBE did improve the diversity in the final
generation. Although this may have lowered the mean final
generation average score TfTor searches using the crowding
model, 1t did provide the user with a greater variety of

distinct FCOAs to examine.

75



THIS PAGE INTENTIONALLY LEFT BLANK

76



V1. CONCLUSIONS AND RECOMMENDATIONS

A. INTRODUCTION

This thesis provided a basic 1investigation of the
genetic algorithm implementation in the BBE. The
fundamentals of the MDMP and genetic algorithms were
presented as a foundation for the study. In the experiment,
various parameters of the BBE’s genetic algorithm were tested
through a variety of searches over a fTixed battle scenario.
This chapter draws conclusions based on the research and the
results of the experiments. It also recommends possible
improvements to the BBE and outlines areas fTor future

research.

B. CONCLUSIONS

This thesis proposed research questions iIn three main
areas dealing with the BBE’s genetic algorithm. The first
area dealt with the number of FCOAs created and the ability
to separate tactically-desirable FCOAs from those that are
not logical. The BBE was able to generate and evaluate
thousands of FCOAs in search runs that typically lasted
fifteen minutes for the conditions modeled. FCOAs could be
sorted and examined efficiently using the tools provided in
the search results window. While the actual “usefulness”
of created COAs was not tested iIn the experiment, each
search run produced over 400 possible COAs for examination.
In addition, the BBE provided features such as the Cream of
the Crop display and analysis tools to conduct Tfurther
investigation of the created COAs.
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The second area of research questions investigated how
changes to the genetic algorithm parameters affected the
FCOAs generated and the diversity and convergence of the
BBE search results. The experiment identified replacement
policy as the parameter having the greatest effect on
search results and population diversity. Full and half
Darwin searches provided the highest scoring FCOA
populations. Additionally, using De Jong’s crowding model,
the BBE could increase the diversity in searches, without

sacrificing much In convergence behavior.

The Tfinal research area dealt with the background
information the BBE provided to its users regarding genetic
algorithm parameter settings. Mission planners should be
given some control over the genetic algorithm parameters to
tailor searches to Tit their requirements. Changes to
mission variables and evaluation criteria change the
possible solution space for the FCOA search. Since the
solution space can change based on the iInput conditions,
there 1s no one constant optimal setting for the genetic
algorithm parameters. While the experiment did not test
multiple mission variables or different evaluation
criteria, the research for this thesis highlighted the
importance of understanding the Tfunctions of the genetic
algorithm parameters. Giving the mission planners more
information regarding the parameter settings is a logical

way to improve their use of the BBE.

C. IMPROVEMENTS TO THE BBE

The fTollowing is a list of possible improvements to
the BBE interface:
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Explanations of the genetic algorithm parameters
and their effects iIn the BBE would be useful to
some users. For example, the Pareto analysis
window contains a link to a Wikipedia entry
explaining how the analysis works. A similar
link or help screen could assist users who are
not familiar with how genetic algorithms work.

An audio or visual prompt that a search has been
completed would help cue the user. Since the BBE
search can run in the background, mission
planners can use other features of the BBE, or
even other programs, while the search 1is being
conducted. It would be useful to know when the
search is Tfinished instead of having to

constantly check the search results screen.

The Pareto Analysis, Risk Analysis, and
Evaluation Criteria Analysis functions are
currently only available to FCOAs found 1i1n the
genetic algorithm search. It would be useful to
extend this functionality to FCOAs 1iIn the
candidate list.

The ability to sort FCOAs by score in the search
results window would allow users more options for

reviewing the outcome of the genetic algorithm.

The ability to graphically display COAs, seen in
the COA construction windows, would also be
useful 1In the search results window. This would
allow users to compare FCOAs visually without

necessarily promoting them to the candidate list.
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D. FUTURE WORK

Possible future vresearch topics regarding the BBE

include:

o Verification and validation of the underlying
combat model of the BBE.

. Further 1investigation of the genetic algorithm
parameters with support from the Naval
Postgraduate School Simulation Experiments and
Efficient Designs (SEED) Center. Using design
strategies such as Nearly Orthogonal Latin
Hypercube would help to 1i1dentify interactions
between the genetic algorithm parameters.

. Research into how mission parameters and
evaluation criteria affect the genetic algorithm

performance.

. The Joint Professional Military Education (JPME)
courses at the Naval Postgraduate School require
students to use the MDMP to develop COAs as part
of a class project. It would be iInteresting to
develop a scenario that would allow students in
the JPME classes to use the BBE as part of their
class project. Student feedback would be
beneficial to improving the functionality of the
BBE.

. User studies on the layout of the graphical user

interface (GUl) for the various BBE windows.

. User studies to determine the operational benefit

of BBE use in development and evaluation of COAs
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E. SUMMARY

The BBE is an interesting tool that can potentially be
of great asset to mission planners. The relatively simple
user iInterface of the BBE aids planners in the construction
and wargaming of multiple COAs. Additionally, the BBE
provides the computational mechanisms to automatically
generate and evaluate thousands of possible COAs through
its genetic algorithm. Further study of the tool will
hopefullly demonstrate i1ts viability and value to assisting
mission planners i1n dealing with the complexity of the
battlespace environment.
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APPENDIX A. THE GENETIC ALGORITHM TEST SCENARIO—
ORDERS OF BATTLE AND ECOAS

A INTRODUCTION

This section contains screen captures showing the

orders of battle and ECOA visualizations for the test
scenario.

B. ORDERS OF BATTLE

1. Friendly Order of Battle

Figure 40. General Support Units. The first column
indicates 1T a unit i1s Task Organizable. The fourth
column shows a unit’s Base Combat Power (BCP)
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Figure 41. 15t Combined Arms Battalion

Figure 42. 2" Combined Arms Battalion
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Figure 43. Reconnaissance, Surveillance, and Target
Acquisition (RTSA)Squadron

2. Enemy Order of Battle

Figure 44. General Support Units
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Figure 45. Alpha Company was composed of BMP-2 infantry
fighting vehicles

Figure 46. Bravo Company

86



Figure 47. Charlie Company

Figure 48. Delta Company was composed of T-80U tank
platoons

87



C. ECOAS

Figure 49. Balanced defense with Tank Company iIn reserve
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Figure 50. Balanced defense with tank platoons integrated
into Alpha, Delta, and Charlie Companies
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Figure 51. Forward defense with tank platoons kept in
reserve
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Figure 52. Strong right defense with tank platoon
supporting Alpha Company
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Figure 53. Strong left defense with Delta Company iIn
reserve of Charlie Company
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APPENDIX B.

BBE RUN RESULTS

Selection Generation

Run# | Technique Crossover Probability Mutation Replacement Seed Overlapping Gap Niching Best Average
1 Roulette One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1524.779 1508.632
2 Roulette One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1471.941 1446.781
3 Roulette Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1523.655 1511.105
4 Roulette Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1523.901 1517.003
5 Roulette One-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1480.474 1450.219
6 Roulette Two-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1502.903 1471.299
7 Roulette One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1514.067 1504.44
8 Roulette Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1524.779 1517.748
9 Roulette One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1524.779 1522.497
10 Roulette Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1524.779 1521.075
11 Roulette One-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1517.954 1489.552
12 Roulette Two-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1524.779 1502.091

Selection Generation

Run# | Technique Crossover Probability Mutation Replacement Seed Overlapping Gap Niching Best Average
13 2-Way One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1522.51 1510.085
14 2-Way One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1524.779 1508.325
15 2-Way Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1501.354 1483.757
16 2-Way Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1524.779 1510.205
17 2-Way One-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1467.743 1434.7
18 2-Way Two-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1482.074 1453.185
19 2-Way One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1535.932 1505.335
20 2-Way Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1514.067 1503.611
21 2-Way One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1524.779 1524.428
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22 2-Way Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1502.526 1493.64
23 2-Way One-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1517.177 1486.433
24 2-Way Two-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1523.655 1503.077
Selection Generation

Run# | Technique Crossover Probability Mutation Replacement Seed Overlapping Gap Niching Best Average
25 3-Way One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1507.47 1476.639
26 3-Way One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1539.111 1513.576
27 3-Way Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1538.931 1515.742
28 3-Way Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1507.471 1485.641
29 3-Way One-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1507.963 1444.083
30 3-Way Two-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1504.385 1444.028
31 3-Way One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1512.907 1506.041
32 3-Way Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1523.655 1514.737
33 3-Way One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1535.932 1509.863
34 3-Way Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1524.779 1511.693
35 3-Way One-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1500.668 1488.765
36 3-Way Two-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1520.194 1490.212

Selection Generation

Run# | Technique Crossover Probability Mutation Replacement Seed Overlapping Gap Niching Best Average
37 4-Way One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1514.067 1500.617
38 4-Way One-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1487.596 1471.175
39 4-Way Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1521.606 1492.387
40 4-Way Two-Point 0.7 0.005 Full Darwin Unseeded NA NA NA 1524.917 1469.861
41 4-Way One-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1497.272 1462.5
42 4-Way Two-Point 0.4 0.005 Full Darwin Unseeded NA NA NA 1520.513 1476.664
43 4-Way One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1524.779 1521.538
44 4-Way Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1514.067 1496.585
45 4-Way One-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1524.779 1514.853
46 4-Way Two-Point 0.9 0.005 Full Darwin Unseeded NA NA NA 1518.275 1511.849
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47 4-Way One-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1522.51 1500.408
48 4-Way Two-Point 0.7 0.01 Full Darwin Unseeded NA NA NA 1524.121 1490.603
Selection Generation
Run# | Technique Crossover Probability Mutation Replacement Seed Overlapping Gap Niching Best Average
49 Roulette Two-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1523.901 1509.123
50 2-Way Two-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1512.723 1497.064
51 3-Way Two-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1511.797 1465.825
52 4-Way Two-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1524.779 1516.208
53 Roulette Two-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1467.653 1298.411
54 2-Way Two-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1464.273 1290.42
55 3-Way Two-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1464.301 1293.548
56 4-Way Two-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1475.908 1263.943
57 Roulette One-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1520.348 1491.291
58 2-Way One-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1504.472 1475.117
59 3-Way One-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1498.573 1469.747
60 4-Way One-Point 0.7 0.005 Half Darwin Unseeded NA NA NA 1503.2 1493.731
61 Roulette One-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1450.907 1268.697
62 2-Way One-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1476.31 1278.443
63 3-Way One-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1451.964 1275.17
64 4-Way One-Point 0.7 0.005 Full Parricide Unseeded NA NA NA 1509.844 1274.684
Selection Generation
Run# | Technique Crossover Probability Mutation Replacement Seed Overlapping Gap Niching Best Average
65 3-Way Two-Point 0.7 0.005 Full Darwin Unseeded Yes 0.5 3 1512.593 1414.43
66 2-Way Two-Point 0.7 0.005 Full Darwin Unseeded Yes 0.5 3 1467.596 1428.749
67 4-Way Two-Point 0.7 0.005 Full Darwin Unseeded Yes 0.5 3 1516.3 1444.09
68 3-Way One-Point 0.7 0.005 Full Darwin Unseeded Yes 0.5 3 1489.262 1419.772
69 2-Way One-Point 0.7 0.005 Full Darwin Unseeded Yes 0.5 3 1486.473 1455.536
70 4-Way One-Point 0.7 0.005 Full Darwin Unseeded Yes 0.5 3 1476.108 1418.365
71 3-Way Two-Point 0.7 0.005 Full Darwin Unseeded Yes 0.9 3 1490.371 1458.792
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72 2-Way Two-Point 0.7 0.005 Full Darwin Unseeded Yes 0.9 1487.043 1436.167
73 4-Way Two-Point 0.7 0.005 Full Darwin Unseeded Yes 0.9 1514.067 1494.353
74 3-Way One-Point 0.7 0.005 Full Darwin Unseeded Yes 0.9 1526.024 1506.213
75 2-Way One-Point 0.7 0.005 Full Darwin Unseeded Yes 0.9 1515.218 1478.282
76 4-Way One-Point 0.7 0.005 Full Darwin Unseeded Yes 0.9 1502.94 1444.956
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